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(57) Abstract 

A method and apparanjs for interfacing the moiion of a user- 
manipulablc object (44) wiLh an electrical or computer system (!6). 
A gimbal mechanism (38 > h coupled to the user object (44), such as 
a joysiick or a medical tool, with at least two degrees of freedom. 
The gimbal mechanism (38) preferably includes multiple members, 
ai least two of which arc formed as a unitary member which provides 
flex between the sciccicd mcmbcn». An actuator ( 1261 applies a force 
along a degree of freedom lo the user object (44) in response to 
clccirical signals produced by the computer sytcm (16). A sensor 
(42) detccLs the position of the user object (44) and outputs sensor 
signals to the computer system (16). Another cmbodicmcnt includes 
a local processor (410) separate from a host computer (16> for 
comnunicaiing with the host computer (16) and controlling the foxes 
output by the actuators according to a processor subroutine selected 
in accordance with a host command, sensor signals, and timing 
i.nfcrmaiion. Another embodiment of the interface apparatus (14) 
us:s voice ceil actuators (126) that produce forces in cither linear or 
rotary- degrees of freedom using currents applied in a magnetic held. 
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^^J^^y^^M y. .PP.PATTT. FOR PROVID I ^n I OW COST FOFCF FFFPBACK 

■-^'■'^'-^ ^Z^r:r»^^^r^l. I/O fOK TOMPUTFR SYSTEMS 



The present invention relates generally to interface devices between humans and 
computers, and more panicularly to computer interface devices that provide fon:e feedback to the 



user. 



Piir)t;f>rnund Art 

Virtual reality computer systems provide users with the illusion that they are part of a 
•virtual- environment. A virtual reality system will typically .nclude a computer processor, such 
asapersonal computer or workstation, specialized virtual reality software, and v.nual reahty I/O 
devices such as head mounted displays, sensor gloves, three dimensional ("30") pomters. etc. 

Virtual reaUty computer systems can be used for training. In many Helds. .such as aviation 
and vehtcle and systems operation, virtual reahty systems have been used successfully to allow a 
user to learn from and experience a realistic "vinual" environment. The appeal of us.ng virtual 
reality computer systems for training relates, in part, to the ability of such systems to allow 
tramees the luxury of confidently operating in a highly realistic environment and makang mistakes 
wUhout -real world" consequences. For example, a virtual reality computer system can allow a 
doctor-trainee or other human operator or user to "manipulate" a scalpel or probe wuhm a 
computer-simulated "body", and thereby perfonn medical procedures on a vmual pat.ent. In th.s 
ir^tancc. the I/O device which is typically a 3D pointer, stylus, or the Uke ,s used to represent a 
surgical instmment such as a scalpel or probe. As the •scalpel" or •probe" moves w.thm a 
provided space or stmcture. results of such movement arc updated and displayed in a body .mage 
displayed on the screen of the computer system so that the operator .an ga.n the expenence of 
pcrfonnmg such a procedure without practicing on an actual human being or a cadaver. In other 
applications, vmual reahty computer systems allow a user to handle and manipulate the controls 
of complicated and expensive veh.cles and mach.nery for tram.ng and/or entertainment purposes. 
For example, a pilot or astronaut in training can operate a fighter aircraft or spacecraft by 
n^antpulating controls such as a control joystick and other buttons and view the results of 
controllmg the aircraft on a vimial reality simulation of the aircraft in flight. In yet other 
applications, a user can manipulate objects and tools in the real world, such as a stylus, and view 
the results of the manipulation in a virtual reality world with a "virtual stylus " viewed on a screen, 
in 3-D goggles, etc. 



SUBSTITUTE SHEET (RULE 26) 



wo 97/19440 



PCT/US96/ir737 



For virtual reality systems to provide a realistic (and therefore effective) experience for the 
user, sensory feedback and manual interaction should be as natural as possible. As virtual realir>' 
systems become more powerful and as the number of potential applications increases, there is a 
growing need for specific human/computer interface devices which allow users to interface with 
computer simulations with toois that realistically emulate the activities being represented within 
the virtual simulation. While the state of the an in virtual simulation and medical imaging 
provides a rich and realistic visual feedback, there is a great need for new human/computer 
interface tools which allow users to perform natural manual interactions with the computer 
simulation. 

In addition to sensing and tracking a user's manual activity and feeding such information 
to the conu-olling computer to provide a 3D visual representation to the user, a human interface 
mechanism should also provide force or tactile ("hapiic") feedback to the user. The need for the 
user to obtain realistic tactile information and experience tactile sensation is extensive in many 
kinds of simulation and other applications. For example, in medical/surgical simulations, the 
"feer of a probe or scalpel simulator is important as the probe is moved within the simulated 
body. It would invaluable to a medical trainee to learn how an instrument moves within a body, 
how much force is required depending on the operation performed, the space available in a body 
to manipulate an instrument, etc. In simulations of vehicles or equipment, force feedback for 
conu-ols such as a joystick can be necessar\' to realistically teach a user the force required to move 
the joystick when steering in specific siuialions, such as in a high acceleration environment of an 
aircraft. In virtual world simulations where the user can manipulate objects, force feedback is 
necessary' to realistically simulate physical objects; for example, if a user touches a pen to a table, 
the user should feel the impact of the pen on the table. An effective human/computer interface not 
only acts as an mput device for tracking motion, but also as an output device for producing 
realistic tactile sensations. A "high bandwidth" intcri'ace system, which is an interface that 
accurately responds to signals having fast changes and a broad range of frequencies as well as 
providing such signals accurately to a control system, is therefore desirable in these and other 
applications. 

In addition, there is a desire to provide force feedback to users of computer systems in the 
entertainment industry. Joysticks and other inierf"ace devices can be used to provide force 
feedback to a user playing a video game or experiencing a simulation for entertainment purposes. 
Through such an interface device, a computer system can convey to the user the physical 
sensation of colliding into a wall, moving through a liquid, dnvine over a bumpy road, and other 
sensations. The u.ser can thus experience an entire sensory dimension in the gaming experience 
that was previously absent. Force feedback interfaces can provide a whole new modality for 
human-computer interaction. 
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There arc number of devices that arc commercially available for interfacing a human with 
a computer for virtual reality simulations. There arc. for example. 2-dimensional input devices 
such as mice, trackballs, joysticks, and digitizing tablets. However. 2-dimensional mpui devices 
tend to be awkward and inadequate to the task of interfacing with 3-dimensional virtual reaiitv- 
simulations. 3-dimensional interface devices arc also available. A 3-dimensional 
human/computer interface tool sold under the trademark Immersion PROBEtm is marketed by 
Immersion Human Interface Corporation of Santa Clara. California, and allows manual control in 
3-dimensional virtual reality computer environments. A pcn-likc stylus allows for dexterous 3- 
dimensional manipulation in six degrees of freedom, and the position and orientation of the stylus 
is communicated to a host computer. The Immersion PROBE, however, does not provide force 
feedback to a user and thus does not allow a user to experience an entire sensory dimension in 
vimial reality simulations. Prior art force feedback joysticks provide physical sensations to the 
user by controlling motors that are coupled to the joystick. 

In typical multi-degree of freedom apparatuses that include force feedback, there arc 
several disadvantages. Since actuators which supply force feedback tend to be heavier and larger 
than sensors, they would provide inenial constraints if added to a device such as the Immersion 
PROBE. There is also the problem of coupled actuators. In a typical force feedback device, a 
serial chain of links and acwaiors is implemented to achieve multiple degrees of freedom in a 
desired object positioned at the end of the chain, i.e., each actuator is coupled to the previous 
actuator. The user who manipulates the object must carry the inertia of all of the subsequent 
actuators and links except for the first actuator in the chain, which is grounded. V.'hile it is 
possible to ground all of the actuators in a serial chain by using a complex transmission of cables 
or belts, the end result is a low stiffness, high friction, high damping transmission which comipis 
the bandwidth of the system, providing the user with an unresponsive and inaccurate mterface. 
These types of interfaces also introduce tactile "noise" to the user through friction and compliance 
in signal transmission and limit the degree of sensitivity conveyed to the user through the 
actuators of the device. 

Other exi.sting devices provide force feedback to a user. In U.S. Patent 5,184.319, by / 
Kramer, an interface is described which provides force and texture information to a user of a 
computer system. The interface consists of an glove or ' cxoskeleion" which is worn over the 
user's appendages, such as fingers, arms, or body. Forces can be applied to the user s appendages 
using tendon assemblies and acniators controlled by a computer system to simulate force and 
textual feedback. However, the system described by Kramer is not easily applicable to simulation 
environments .<;uch as those mentioned above where an object is referenced in 3D space and force 
Feedback is applied to the object. The forces applied to the user in Kramer are with reference to 
the body of the user; the ab.soluie location of the user's appendages are not easily calculated. In 
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addition, the exoskeleton devices of Kramer can be cumbersome or even dangerous to the user ,f 
extensive devices are worn over the user s appendages. Furthermore, the devices disclosed m 
Kramer are complex mechanisms in which many actuators must be used to provide force 
feedback to the user. 

In addition, low-cost and portable mechanical interfaces which can provide force feedback 
are desirable. For example, personal computers for the home consumer are becoming powerful 
and fast enough to provide force feedback to the t>'pical mass market consumer. A need is thus 
arising to be able to manufacture and market force feedback interfaces as cheaply and as 
efficiemlv as possible. The cost, complexity, reliability, and size of a force feedback interface for 
home use should be practical enough to mass produce the devices. In addition, aesthetic concerns 
such as compactness and operating noise level of a force feedback device are of concern in the 
home market. Since the prior ait feedback interfaces are mainly addressed to specific applications 
in industr)-. most force feedback mechanisms are costly, large, heavy, have significant power 
reauiremenis. ore difficult to program for applications. The pnor art devices require high speed 
control signals from a controlling computer for stability, which usually requires more expensive 
and complex electronics. In addition, the prior art force feedback devices are typically large and 
noisy. These factors provide many obstacles to the would-be manufacturer of force -feedback 
interfaces to the home computer market. 

Therefore, a less complex, less expensive alternative to a human/computer interface tool 
having force feedback, lower, inema. higher bandwidth, and less noise is desirable for certain 
applications. 

r)i5;clQsure of the Invention 

. The presem invention provides a human/computer interface apparatus and method which 
can provide from one to six degrees of freedom to a user-man.pulable object and low cost, highly 
realistic force feedback to the user of the apparatus. The structure of the apparatus permits 
transducers lo be positioned such .hat their inertial con.ribu.ion to the system is very low. A 
number of the members of the mechanical interface can be manufactured as a single member, 
providing a low cost interface for a high volume market. In addition, a friction drive mechanism 
and voice coil actuators provide additional low cost alternatives for the interface. 

An interface apparatus and method of the present invcmion for interfacing the motion of a 
user-manipulable object with an electrical system includes a user object physically contacted by a 
user A gimbal mechanism is coupled lo the user object, such as a joystick or a medical tool, and 
provides at least two degrees of freedom to the user object, where the gimbal mechanism mcludes 
multiple members. A selected number of those members are segments formed as a unitary 
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member which provides flex between the selected members. An actuator applies a force along a 
degree of f^Jcdom to the user object in response to electrical signals produced by the electrical 
system. A sensor detects a position of the user object along the degree of freedom and outputs 
sensor signals to the electrical system. The actuator and sensor thus provide an electromechanical 
interface between the user object and the electrical system. An actuator provides force to the user 
object along each degree of freedom, and the acmators are decoupled from each other. 

The gimbal mechanism preferably provides at leasi two revoluie degrees of freedorr. to the 
user object about axes of rotation. Alternatively, the gimbal mechanism can provide at least two 
linear degrees of freedom along linear axes. In a preferred embodiment, the multiple members 
of the gimbal mechanism are formed as a closed-loop linkage. The linkage can include four 
members that are flexibly coupled to each other as segments of the unitary member. The four 
members include first and second extension members and first and second flexible central 
members, where the central members are each coupled to an extension member and to each other 
at the user object. A ground member is coupled to a ground surface and is rotatably coupled to 
the unitary flexible member by bearings. Other embodiments include coupling an object member 
to the user object and to the central members, and rotating the object member in a third ".spin- 
degree of freedom, where the rotation in the third degree of freedom is allowed by the- flexibility 
of the central members. In yet other embodimenis, the ends of the central members are rotatably 
coupled to the extension members by bearings, and the central members are flexibly coupled to 
the u.ser object. In another embodiment, the ends of the central members arc nexibly coupled to 
the extension members and the central members are rotatably coupled to the user object by a 
bearing. In yet another embodiment, a third central member is flexibly coupled between one of 
the cxt*ension members and the user object. A linear axis member can be coupled to the gimbal 
mechanism to provide the u.ser object with a third linear degree of freedom. A passive damper 
clement can also be coupled to at least one member of the gimbal mechanism to increa.sc dynamic 
stability of the interface system. Finally, a capstan drive mechanism, including a cable and pully, 
can used to transmit forces to and from the actuator/sensor and the user with no substantial 
backlash. 

In another preferred embodimem. the interface apparatus interfaces the motion of the user 
object with the electrical system, which is a ho.st computer. The host computer system can 
display images to the user on a display screen. A local microprocessor, separate from the host 
computer and controlled by software instructions, is used to communicate with the host computer 
via a communication interface by receiving a ho.st command from the host computer, The 
acntator applies a force to the gimbal mechanism along a degree of freedom to the user object in 
accordance with a processor command received from the processor. Tne processor command is 
derived from the host command. Finally, the sensor detects positions of the user object along a 
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degree of freedom and outputs the sensor signals lo the host computer system. The sensor 
signals include information representative of the position of the user object. Preferably, the sensor 
is electrically coupled to the processor and outputs the sensor signals to the processor, and the 
processor sends the sensor signals to the host coi^puter. The processor provides the processor 

5 command to the acmator using a processor subroutine selected in accordance with the host 
command and stored in a memory device. The processor also uuiizes the sensor signals to help 
determine a force output by the actuator. In addition, the processor preferably can use timing 
information from a clock coupled to the processor to determine the force output by the actuator. 
TTie communication interface can include a serial interface which, although relatively slow, may 

10 be used to provide accurate force feedback by using the local microprocessor. 

In yet another preferred embodiment of an interface apparatus of the present invention, the 
actuators for applying forces to the user object include voice coil actuators. These acniators apply 
a cuaent to a wire coil within a magnetic field to produce a force on the coil and a moveable 
member to which the coil is attached. The produced force has a particular direction depending on 

15 the direction of a current flowed through said coil and a magnitude depending on the magnitude of 
the current. Preferably, an electrical interface is electrically coupled between the voice coil 
acniators and the electrical system/host computer, and the electrical interface preferably includes a 
voice coil driver chip for driving the voice coil actuators. The voice coil driver chip preferably has 
a variable gain of voltage input to current output to provide more realistic and a greater range of 

20 forces: In an alternate embodiment, the wire coil includes multiple .«;ub-coils that each include a 
differem number of loops. Constant magnitude currents can thus be flowed through selected sub- 
coils to create differem force values on the user object. In addition, the voice coil may includes 
one coil of wire to apply the force to the u.ser object, and a second coil of wire used as a sensor for 
sensing a velocity of the uscr-manipulable object. 

25 In one preferred voice coil actuator interface embodiment, the user object is coupled to a 

planar member, such as a circuit board. The circuit board is translatable in two degrees of 
freedom, and this translation causes the user object to move in two user object degrees of 
freedom. In one embodiment, the user object is coupled to a ball joim that is rotatable in a socket, 
such that translation of the circuit board causes the ball joint to rotate in the socket and thus causes 

30 the user object to pivot in two rotatr two degrees of freedom. In another embodiment, the user 
object is coupled directly to the circuit board and is translated in linear degrees of freedom as the 
planar member is translated. The coils of wire included in the voice coil acniators can be etched 
onto the circuit board. In addition, the voice coil driver chips used for driving the voice coil 
actuators, and other electronic components, can be included on the circuit board. 

35 In another preferred embodiment, the intertace apparatus includes a friction drive 

mechanism coupled between an acniaior and a gimbal mechanism of the interface apparatus. 
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Force from the actuator is transmitted to the gimbal mechanism through friciional contact of 
members of the friction drive mechanism. The friction dnvc mechanism preferably includes a 
rotauble drum having a drive bar. A drive roller is coupled lo the actuator and frict.onally 
engages the drive bar to rotate the drum and transmit a force to the object in a degree of freedom. 
Prefe"rably, one or more passive rollers are frictionally engaged with the drive bar on the opposite 
side of the drive bar to the drive roller, so that a greater compression force is provided between the 
drive roller and the drive bar. The passive rollers can be spring loaded to the drive roller to 
provide greater compression force. Preferably, a friction drive mechanism is provided for a 
.second degree of freedom acwator as well. In an alternate embodiment, the friction drive 
mechanism includes a. translatable drum having a drive bar. where the drive roller fnctionally 
engages the drive bar to translate the dram and apply a linear force to the object in a linear degree 
of freedom. 

The interface apparatus of the present invention includes several low cost components that 
are suitable for providing accurate force feedback for the home market and other markets. The 
nexible unitary member of the preferred gimbal mechanism can be produced as one part without 
incurring expenses for bearings and assembly procedures. Tlic embodiments of the present 
invention including the voice coil acmators uulize readily-available, cheap component.<; that are 
able to produce realistic forces for the user. The friction drive mechanism of the present invention 
is able to transmit forces and provide mechanical advantage using low cost parts. These 
improvements allow a computer system to have more complete and accurate control over a low- 
cost interface providing realistic force feedback. 

These and other advantages of the present invention will become apparent to tho.se skilled 
in the art upon a reading of the following specification of the invention and a study of the several 
figures of the drawing. 

Rrief Descri ption of the Drawings 

Figure 1 is a perspective view of a virtual reality system which employs an apparatus of 
the present invention to interface a laparoscope tool handle with a computer system; 

Figure 2 is a perspective view of a mechanical apparatus of the present invention for 
providing mechanical input and output to a computer system; 

Figure 3 is a perspective front view of a preferred embodiment of the mechanical 
apparatus of Figure 2; 

Figure 4 is a perspective rear view of the embodiment of the mechanical apparatus of 
Figure 3; 
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Figure 5 is a perspective detailed view of a capstan drive mechanism used for two degrees 
of motion in the present invention; 

Figure 5a is a side elevational view of the capstan drive mechanism shown in Figure 5; 

Figure 5b is a detailed side view of a pulley and cable of the capstan drive mechanism of 
5 Figure 5; 

Figure 6 is a perspective view of a center capstan drive mechanism for a linear axis 
memberof the mechanical apparatus shown in Figure 3; 

Figure 6a is a cross sccuonal top view of a pulley and linear axis member used in the 
capstan drive mechanism of Figure 6; 

1 0 Figure 6b is a cross sectional side view of the linear axis member and transducer shown in 

Figure 6; 

Figure 7 is a perspective view of an embodiment of the apparatus of Figure 2 having a 
stylus object for the user; 

Figure 8 is a perspective view of an embodiment of the apparatus of Figure 2 having a 
15 joystick object for the user; 

Figure 9 is a block diagram of a compucer and the inierface between the computer and the 
mechanical apparatus of Figure 2; 

Figure 10 is a schematic diagram of a suitable circuit for a digiul to analog controller of 
the interface of Figure 9; 

20 Figure 11 is a schematic diagram of a suitable power amplification circuit for powering 

the actuators of the present invention as shown in Figure 9: 

Figure 1 2 is a perspective view of an alternate embodiment of the mechanical apparaws of 
Figure 2 including flexible members; 

Figure 1 3 is a top plan view of the mechanical apparatus of Figure \ 2. 

25. Figure 14 is a perspective view of a second alternate embodiment of the mechanical 

apparatus of Figure 12; 

Figure 15 is a perspective view of a third alternate embodiment ot the mechanical 
apparanis of Figure 12; 
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Figure 16 is a perspective view of a fourth aliemate embodiment of the mechanica. 
apparatus of Figure 12; 

Figure 17 is a perspective view of a fifth alternate embodiment of the mechanica: 
apparatus of Figure 12; 

5 Fieure 18 is a perspective view of the mechanical apparatus of Figure 2 including a voice 

coil actuator. 

Figure 19a is a side sectional view of the voice coil actuator of Figure 18; 

Figure 19b is a top plan view of the voice coil actuator of Figure 19a; 

Figures 20a-20e are schematic diagrams of an alternate embodiment of the voice coil 
H) actuator of Figure 19a; 

Figure 21a is a perspective view of an interface apparatus of the present invention 
including linear voice coil actuators; 

Figure 2 1 b is a side sectional view showing a linear voice coil actuator of Figure 21a; 

Figure 21c is a perspective view of an alternate embodiment of the interface apparatus ol 
15 Figure 21a; 

Figure 22a is a top plan view of an interface apparatus of the present invention having 
linear voice coil actuators on a circuit board and in which the user object can be moved in rotary- 
degrees of freedom; 

Figure 22b is a side elevalionai view of the interface apparatus of Figure 22a; 

20 Figure 22c is a top plan view of an alternate embodiment of the interface apparatus of 

Figure 22a using a different anti-rotation flexure; 

Figure 22d is a top plan view of an alternate embodiment of the mterfacc apparatus of 
Figure 22a in which the user object can be moved in linear degrees of freedom; 

Figure 22e is a side elcvaiional view of the interface apparatus of Figure 22c: 

25 Figures 23a to 23f arc side clevational views of a friction dnvc of the present invention 

suitable for use with the interface apparatus of the present invention: and 

Figure 24 is a block diagram of a host computer and an alternative embodiment of the 
electronic interface between the computer and an interface apparatus of the present invention. 
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r)p<:rriptinn o f the Preferred F.mhoriinienl 

Figure 1 iHustraies an example of the use of the present invention for medical simulation 
purposes. A virtual reality- system 10 used to simulate a medical procedure includes a 
human/computer interface apparatus 12. an electronic interface 14. and a host computer 16. The 
illustrated virtual reality system 10 is directed to a virtual reality simulation of a laparoscopic 
surgery procedure. 

The handle 26 of ii laparoscopic tool 1 8 used in conjunction with the present invention is 
manipulated by an operator and vimiai reality images arc displayed on a display screen 20 of the 
digital processing system in response to such manipulations. Display screen 20 can be a standard 
display screen or CRT, 3-D goggles, or any other vi.sual interface. The digital processing system 
is typically a host computer 16. Preferably, the host computer is a personal computer or 
workstation, such as an BM-PC AT or Macintosh personal computer, or a SUN or Silicon 
Graphics workstation. For e.xample, the computer 16 can operate under the MS-DOS operating 
system in conformance with an IBM PC AT standard. Alternatively, host computer system 12 
can be one of a variety of home video game systems commonly connected to a television sci. 
such as systems available from Nintendo. Sega, or Sony. In other embodiments, home computer 
system 12 can be a "set top box" which can be used, for example, to provide interactive television 
functions to users. 

Host computer 16 implements a host application program with which a user is 
mteractmg via peripherals and interface device 14. For example, the host application program can 
be a video game, medical simulation, scientific analysis program, or even an operating system or 
other application program that utilizes force feedback. Typically, the host application provides 
images to be displayed on a display output device, as described below, and/or other feedback, 
such as auditory signals. The medical simulation example of Figure 1 includes a host medical 
simulation application program. Such software is commercially available a.s. for example. 
Teleos™ from Hign Techsplanations of Rockville, Maryland. Suitable software drivers which 
interface such simulation software with computer input/output (I/O) devices are available from 
Immersion Human Interface Corporation of Santa Clara. California. Alternatively, display screen 
20 can display images from a game application program. For example, images describing a poim 
of view from a first-person perspective can be displayed, as in a virtual reality game. Or. images 
describing a third-person perspective of objects, backgrounds, etc. can be displayed. 

One example of a human/interface apparatus 12 as illustrated herein is u.sed to simulate a 
laparoscopic medical procedure. In addition to the handle of a standard laparoscopic tool 18, the 
human/interface apparatus 12 may include a barrier 22 and a standard laparo.scopic trocar 24 (or a 
facsimile of a trocar). The barrier 22 is used to represent portion of the skin covering the body of 
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a paiieni Trocar 24 is inserted into the body of the virtual patient to provide an entr>- and removal 
point from the body of the paiicni for the laparoscopic tool 18. and to allow the manipulation of 
the laparoscopic tool. Uparoscopic tools and trocars 24 are commercially available from sources 
such as U.S. Surgical of Connecticut. Barrier 22 and trocar 24 can be omitted from apparaws 1 2 
5 in other embodiments. Preferably, the laparoscopic tool 18 .s modified: in the preferred 
embodiment, the shaft is replaced by a linear axis member of the present invention, as described 
below. In other embodiments, the end of the shaft of the tool (such as any cutting edges) can be 
removed. The end of the laparoscopic tool 18 is not required for the virtual reality simulation, and 
is removed to prevent any potential damage to persons or property, 

10 The laparoscopic tool 1 8 includes a handle or "grip" portion 26 and a shaft portion 28. 

The shaft portion is an elongated mechanical object and. in particular, is an elongated cylindrical 
object, described in greater detail below. In one embodiment, the present invention is concerned 
with tracking the movement of the shaft portion 28 in three-dimensional space, where the 
movement has been constrained such that the shaft portion 28 has only three or four free degrees 

15 of motion. This is a good simulation of the real use of a laparoscopic tool 18 in that once it is 
inserted into a trocar 24 and through the mechanical apparatus 25, it is limited to about four 
degrees of freedom. More particularly, the shaft 28 is constrained ai some point of along its 
length such that it can move with four degrees of freedom within the patient's body. 

A mechanical apparanis 25 for interfacing mechanical input and output is shown within 
20 the "body " of the patient in phantom lines. When a surface is generated on the computer screen, 
the computer will send feedback signals to the tool 18 and mechanical apparatus 25. which has 
actuators for generating forces in response to the position of a virtual laparoscopic tool relative to 
the surface depicted on the computer screen. Force is applied for example, by powering the 
actuators appropriate to the images portrayed on the screen. Mechanical apparanis 25 is shown in 
25 greater detail with respect to Figures 2 and 12. 

While one embodiment of the present invention will he discussed with reference to the 
laparoscopic tool 18, it will be appreciated that a great number of other types of objects can be 
used with the method and apparatus of the present invention. In fact, the present invention can be 
used with any mechanical object where it is desirable to provide a human/computer interface with 
30 one to six degrees of freedom. Such objects may include endoscopic or other similar surgical 
tools used in medical procedures, catheters, hypodermic needles, wires, fiber optic bundles, 
styluses, joysticks, screw drivers, pool cues, etc. Some of these other objects are described in 
detail subsequently. 

The electronic interface 1 4 is a component of the human/computer interface apparatus 1 2 
35 and may couple the apparatus 1 2 to the host computer 1 6. Electronic interface 1 4 can be included 
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within a housing of mechanical apparatus 25 or be provided as a separate unit, as shown in Figure 
1. More particularly, interface 14 is used in preferred embodiments to couple the various 
actuators and sensors of apparatus 25 (described in detail below) to computer 16. One suitable 
embodiment of interface 14 is described in detail with reference to Figure 9. in which the interface 
can include a dedicated interface card to be plugged into computer 16. A different embodimcm 
14' of inieiface 14 is described in detail with respect to Figure 20. in which the interface includes a 
microprocessor local to the apparatus 12 and can be coupled to computer 16 through a slower, 
serial interface or a parallel interface. 

The electronic interface 14 can be coupled to mechanical apparatus 25 of . the apparatus 
12 by a cable 30 (or may be included within the housing of apparatus 12) and is coupled to the 
computer 16 by a cable 32 (or may be directly connected to the computer using a interface card). 
In other embodiments, signals can be sent to and from interface 14 and computer 16 by wireless 
transmission and reception. In some embodiments of the present invention, interface 14 serves 
solely as an input device for the computer 16. In other embodiments of the present invention. 
15 interface 14 serves solely as an output device for the computer 16. In preferred embodiments of 
the present invention, the interface 14 ser\-es as an input/output (I/O) device for the computer 16. 
The interface 14 can also receive inputs from other input devices or controls that arc associated 
with apparatus 12 and can relay those inputs to computer 16. For example, commands sent by 
the user activatmg a button on apparatus 12 can be relayed to computer 16 to implement a 
20 command or cause the computer 16 to output a command to the apparatu.s 12. Such input devices 
are described in greater detail with respect to Figure 24. 

In Figure 2. a perspective view of mechanical apparatus 25 for providing mechanical input 
and output in accordance with the present invention is shown. Apparatus 25 includes a gimbal 
mechanism 38 and a linear axis member 40. A user object 44 is preferably coupled to linear axis 
25 member 40. 

Gimbal mechanism 38. in the described embodiment, provides suppo.t for apparatus 25 
on a grounded surface 56 (schematically shown as part of member 46). Gimbal mechanism 38 is 
preferably a five-member linkage that includes a ground nnember 46, extension members 48a and 
48b. and cenu-al members 50a and 50b. Ground member 46 is coupled to a base or surface 

30 which provides stability for apparams 25. Ground member 46 is shown in Figure 2 as two 
separate members coupled together through grounded surface 56. The members of gimbal 
mechanism 38 are rotatably coupled to one another through the use of rotatable bearings or pivots, 
wherein extension member 48a is rotatably coupled to ground member 46 by bearing 43a and can 
rotate about an axis A, central member 50a is rotatably coupled to extension member 48a by 

35 bearing 45a and can rotate about a Hoating axis D. extension member 48b is rotatably coupled to 
ground member 46 by bearing 43b and can rotate about axis B, central member 50b is rotatably 
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coupled lo extension member 48b by bearing 45b and can rotate about floating axis E. and cent-aJ 
member 50a is rotatably coupled to central member 50b by bearing 47 at a center point P at the 
inierseciion of axes D and E. Preferably. ccnu^I member 50a is coupled to one rotatablc portion 
47a of bearing 47. and central member 50b is coupled to the other rotatable ponion 47b of bearing 

5 47. The axes D and E are "noating" in the sense that they arc not fixed in one position as are axes 
A and B. Axes A and B are substantially mutually perpendicular. As used herein, "substantially 
perpendicular" will mean that two objects or axis are exactly or almost perpendicular, i.e. ai least 
within five degrees or ten degrees of perpendicular, or more preferably within less than one 
degree of perpendicular. Similarly, the term "substantially parallel" will mean that two objects or 

10 axis are exactly or almost parallel, i.e. are at least within five or ten degrees of parallel, and are 
preferably within less than one degree of parallel. 

Gimbal mechanism 38 is formed as a five member closed chain. Each end of one 
member is coupled to the end of a another member. The five-member linkage is arranged such 
that extension member 48a. central member 50a, and cenL-al member 50b can be rotated about 

15 axis A in a first degree of freedom. The linkage is also arranged such that extension member 48b. 
central member 50b, and central member 50a can be rotated about axis B in a .second degree of 
freedom. When object 44 is positioned at the "origin" as shown in Figure 2, an angle 9 between 
the centraJ members 50a and 50b is about 90 degrees. When object 44 is rotated about one or 
both axes A and B. central members move in two fashions: rotation about axis D or E by bearing 

20 45b and/or 45a, and rotation about axis C by bearing 47 such that angle 6 changes. For example, 
if the object 44 is moved into the page of Figure 2 away from the viewer, or out of the plane of 
the page toward the viewer, then the angle 6 will decrease. If the object is moved to the left or 
right as shown in Figure 2. the angle 9 will increase. 

Linear axis member 40 is preferably an elongated rod-like member which is coupled to 
25 central member 50a and central member 50b at the point of intersection P of axes A and B. As 
shown in Figure 1. linear axis member 40 can be u.sed as shaft 28 of user object ^. In other 
embodiments. linear axis member 40 is coupled to a different object. Linear axis member 40 is 
coupled to gimbal mechanism 38 such that it extends out of the plane defined by axis A and axis 
B. Linear axis member 40 can be rotated about axis A by rotating extension member 48a. central 
30 member 50a, and central member 50b in a first revoiute degree of freedom, shown as arrow line 
51. Member 40 can also be rotated about axis B by rotating extension member 50b and the two 
central members about axis B in a second revoiute degree of freedom, shown by arrow line 52. 
Being also translatably coupled to the ends of central members 50a and 50b, linear axis member 
40 can be linearly translated, independently with respect to the gimbal mechanism 38. along 
35 floating axis C, providing a third degree of freedom as shown by arrows 53. Axis C can. of 
course, be rotated about one or both axes A and B as member 40 is rotated about these axes. 
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Also preferably coupled lo gimbal mechanism 38 and linear axis member 40 are 
transducers, such as sensors and actuators. Such transducers are preferably coupled at the link 
points between members of the apparatus and provide input to and output from* an electrical 
system, such as computer 16. Transducers that can be used with the present invention are 
5 described in greater detail with respect to Figure 3. 

User object 44 is coupled to apparatus 25 and is preferably an interface object for a user to 
grasp or otherwise manipulate in three dimensional (3D) space. One example of a user object 44 
is the gnp 26 of a laparoscopic tool 18, as shown in Figure !. Shaft 28 of tool 18 can be 
implemented as part of linear axis member 40. Other examples described in subsequent 

10 embodiments include a stylus and joystick. User object 44 may be moved in all three degrees of 
freedom provided by gimbal mechanism 38 and linear axis member 40 and additional degrees of 
freedom as described below. As user object 44 is moved about axis A, floating axis D varies its 
position, and as user object 44 is moved about axis B, floating axis E varies its position. The 
floating axes E and D arc coincident with the fixed axes A and B, respectively, when the user 

15 object is in a center position as shown in Figure 2. 

Figures 3 and 4 are perspective views of a specific embodiment of a mechanical apparatus 
25' for providing mechanical input and output to a computer system in accordance with the 
present inveniion. Figure 3 shows a front view of apparatus 25', and Figure 4 shows a rear view 
of the apparatus. Apparatus 25' includes a gimbal mechanism 38. a linear axis member 40, and 
20 transducers 42. A user object 44, shown in this embodiment as a laparoscopic instrument having, 
a grip ponion 26, is coupled to apparatus 25*. Apparatus 25' operates in substaniiallv the same 
fa-shion as apparatus 25 de.scribed with reference to Figure 2. 

Gimbal mechanism 38 provides support for apparatus 25' on a grounded surface 56, such 
as a table top or similar surface. The members and joints ( 'bearings") of gimbal mechanism 38 

25 are preferably made of a lightweight, rigid, stiff metal, such as aluminum, but can also be made of 
other rigid m; -crials such as other metals, plastic, etc. Gimbal mechanism 38 includes a ground 
member 46, capstan drive mechanisms 58, extension members 48a and 48b, cental drive 
member 50a, and ccnu-al link member 50b. Ground member 46 includes a base member 60 and 
vertical support members 62. Base member 60 is coupled to grounded surface 56 and provides 

30 two outer vertical surfaces 61 which are in a substantially perpendicular relation which each other. 
A vertical support member 62 is coupled to each of these outer surfaces of base member 60 such 
that vertical members 62 are in a similar substantially 90-degree relation with each other. 

A capstan drive mechanism 58 is preferably coupled to each vertical member 62. Capstan 
drive mechanisms 58 are included in gimbal mechanism 38 lo provide mechanical advantage 
35 without introducing friction and backlash to the system. A capstan drum 59 of each capstan drive 
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mechanism is roiatably coupled to a corresponding vertical support member 62 to fomt axes of 
rotation A and B. which correspond to axes A and B as shown in Figure 1. The capstan dnvc 
mechanisms 58 are described in greater detail with respect to Figure 5. 

Extension member 48a is rigidly coupled to capstan dnim 59 and is rotated about axis A 
as capstan dnim 59 is rotated. Likewise, extension member 48b is rigidly coupled to the other 
capstan drum 59 and can be rotated about axis B. Both extension members 48a and 48b are 
fomied into a substantially 90-dcgrce angle with a short end 49 coupled to capstan drum 59. 
Central drive member 50a is roiaubly coupled to a long end 55 of extension member 48a and 
extends at a substantially parallel relation with axis B. Similariy. central link member 50b is 
rotatably coupled to the long end of extension member 48b and extends at a substantially parallel 
relauon to axis A (as better viewed in Figure 4). Central drive member 50a and central Imk 
member 50b are rotatablv coupled to each other at the center of rotation of the gimbal mechanism, 
which is the point of intersection P of axes A and B. Bearing 64 connects the two central 
members 50a and 50b together at the intersection point P. 

Gimbal mechanism 38 provides two degrees of freedom to an object positioned at or 
coupled to the center point P of rotation. An object at or coupled to point P can be rotated about 
axis A and B or have a combination of rotational movement about these axes. 

Linear axis member 40 is a cylindrical member that is preferably coupled to central 
members 50a and 50b at intersection point P. In alternate cmbodimems. linear axis member 40 
can be a non-cylindrical member having a cross-section of. for example, a square or other 
polygon. Member 40 is positioned through the center of bexring 64 and through holes in the 
central members 50a and 50b. The linear axis member can be linearly translated along axis C. 
providing a third degree of freedom to user object 44 coupled to the Imear axis member. Linear 
axis member 40 can preferably be translated by a transducer 42 usmg a capstan drive mechanism 
similar to capstan drive mechanism 58. The translation of linear a.x.N member 40 is de.scribed in 
greater detail with respect to Figure 6. 

Transducers 42 are preferably coupled to gimbal mechanism 38 to provide input and 
output signals between mechanical apparatus 25' and computer 16. In the described embodiment, 
transducers 42 include two grounded transducers 66a and 66b. central transducer 68, and shalt 
transducer 70. The housing of grounded transducer 66a is preferably coupled to vertical support 
member 62 and preferably includes both an actuator for providing force in or otherwise 
influencing the first revolute degree of freedom about axis A and a sensor for measuring the 
position of object 44 in or otherwise influenced by the first degree of freedom about axis A. i.e.. 
the transducer 66a is "associated with" or "related to" the first degree of freedom. A rotational 
.shaft of actuator 66a is coupled to a pulley of capstan drive mechanism 58 to transmit input and 
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output along the first degree of freedom. The capstan drive mechanism 58 is described in greater 
detail with respect to Figure 5. Grounded transducer 66b preferably corresponds to grounded 
transducer 66a in function and operation. Transducer 66b is coupled to the other vertical suppon 
member 62 and is an actuator/sensor which influences or is influenced by the second revolute 
5 degree of freedom about axis B . 

Grounded transducers 66a and 66b are preferably bi-directional transducers which 
include sensors and actuators. The sensors arc preferably relative optical encoders which provide 
signals to measure the angular rotation of a shaft of the transducer. The elearical outputs of the 
encoders are routed to computer interface 14 via buses 67a and 67b and are detailed with reference 

10 to Figure 9. Other types of sensors can also be used, such as potentiometers, etc. In addition, it is 
also possible to use non-contact sensors at different positions relative to mechanical apparatus 25. 
For example, a Polhemus (magnetic) sensor can detect magnetic fields from objects; or, an optical 
sensor such as lateral effect photo diode includes a emitter/detector pair that detects positions of 
the emitter with respect to the detector in one or more degrees of freedom; for example, a photo 

15 diode by Hamamatsu Co., pan S1743, can be used. These types of sensors are able to detect the 
position of object 44 in particular degrees of freedom without having to be coupled to a joint of 
the mechanical apparatus. Alternatively, sensors can be positioned at other locations of relauve 
motion or joints of mechanical apparatus 25. 

It should be noted thai the present invention can utilize both absolute and relative 
20 sensors. An absolute sensor is one which the angle of the sensor is known in absolute terms, 
such as with an analog poieniiomeier. Relative sensors only provide relative angle information, 
and thus require some form of calibration step which provide a reference position for the relauve 
angle infomiation. The sensors described herein arc primarily relative sensors. In consequence, 
there is an implied calibration step after system power-up wherein the sensor's shaft is placed in a 
25 known position within the apparatus 25' and a calibration signal is provided to the system to 
provide the reference position mentioned above. AH angles provided by the sensors are thereafter 
relative to that reference position. Such calibration methods are well known to those skilled in the 
art and, therefore, will not be discussed in any great detail herein. 

Transducers 66a and 66b also preferably include actuators. These actuators can be of two 
30 types: active actuators and passive actuators. Active actuators include linear current control 
motors, stepper motors, pneumatic/hydraulic active actuators, and other types of acwators that 
transmit a force to move an object. For example, active actuators can drive a rotational shaft about 
an axis in a rotary degree of freedom, or drive a linear shaft along a linear degree of freedom. 
Active transducers of the present invention are preferably bi-directional, meaning they can 
35 selectively transmit force along either direction of a degree of freedom. For example. DC servo 
motors can receive force control signals to control the direction and torque t'force output) that is 
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produced on a shaft. In the described embodiment, active linear current control motors, such as 
DC servo motors, are used. The control signals for the motor are produced by computer interface 
14 on control buses 67a and 67b and are detailed with respect to Figure 9. The motors may 
include brakes which allow the rotation of the shaft lo be halted in a short span of time. Also, the 
5 sensors and actuators in transducers 42 can be included together as a sensor/actuator pair 
transducers. A suitable transducer for the present invention including both an optical encoder and 
current controlled motor is a 20 W basket wound servo motor manufactured by Maxon. 

In alternate embodiments, other types of active motors can also be used, such as a stepper 
motor, brushlcss DC motors, pneumatic/hydraulic actuators, a lorquer (motor with limited 
10 angularrange), or a voice coil, which are well known to those skilled in the art. Voice coils are 
described in greater detail with respect to Figure 18. Stepper motors and the like are not as well 
suited because stepper motor control involves the use of steps or pulses which can be felt as 
pulsations by the user, thus corrupting the virtual simulation. The present invention is bener 
suited to the use of linear cuirent controlled motors, which do not have this noise. 

15 Passive actuators can also be used in transducers 66a, 66b, and 68. Magnetic particle 

brakes, friction brakes, or pneumatic/hydraulic passive actuators can be used in addition to or 
instead of a motor to generate a damping resistance or friction in a degree of motion. An alternate 
preferred embodiment only including passive actuators may not be as realistic as an embodiment 
including motors; however, the passive actuators arc typically safer for a user since the user docs 

20 not have to fight generated forces. Passive actuators t>pically can only provide bi-dircciional 
resistance to a degree of motion. A suitable magnetic particle brake for interface device 14 is 
available from Force Limited, Inc. of Santa Monica, California. 

In other embodiments, all or some of transducers 42 can include only sensors to provide 
an apparatus without force feedback along designated degrees of freedom. Similariy, all or some 
25 of transducers 42 can be implemented as actuators without sensors to provide only force 
feedback. 

In addition, in some embodiments, passive (or "viscous") damper elements can be 
provided on the bearings of apparams 25 to remove energy from the system and intentionally 
increase the dynamic stability of the mechanical system. This may have the side effect of 

30 degrading the bandwidth of the system; however, if other factors such as the speed of processor 
410 (see Figure 24), rate of acniator control, and position sensing resolution already degrade the 
bandwidth, then such dampers may be acceptable. For example, inexpensive plastic dampers, 
such as rotational dampers produced by Fasiex/Deltar, can be placed at desired bearing positions 
and have one end grounded. In other embodiments, this passive damping can be introduced by 

35 using the back electromotive force (EMF) of the actuators 42 to remove energy from the system. 
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This can also be accomplished by using a shuni resistor coupled across ihe icnninals of a moior 
or the coils of a voice coil actuator. Also, passive brakes, as mentioned above, can be used. In 
addition, in the voice coil embodiments (see Figures 18-22). muluple wire coils can be provided, 
where some of the coils can be used to provide back EMF and damping forces. 

Central transducer 68 is coupled to central drive member 50a and preferably includes an 
actuator for providing force in the linear third degree of freedom along axis C and a sensor for 
measurmg the position of object 44 along the third degree of freedom. The rotational shaft oi 
central transducer 68 is coupled to a translation interface coupled to central drive member 50a 
which is described in greater dcta.1 with respect to Figure 6. In the described embodiment, central 
transducer 68 is an optical encoder and DC servo motor combination similar to the actuators 66a 
and 66b described above. 

The transducers 66a. 66b and 68 of the described embodiment are advantageously 
positioned to provide a very low amount of inenia to the user handling object 44. Transducer 66a 
and transducer 66b are decoupled, meaning that the transducers are both directly coupled to 
ground member 46 which is coupled to ground surface 56. i.e. the ground surface caines the 
weight of the transducers, not the user handling object 44. Tlie weights and mema of the 
transducers 66a and 66b are thus substantially negligible to a user handling and movmg object 44. 
This provides a more realistic interface to a vimial reality system, since the computer can control 
the transducers to provide substantially all of the forces felt by the user in these degrees of motion. 
Apparatus 25' is a high bandwidth force feedback system, meaning that high frequency signals 
can be used to control transducers 42 and these high frequency signals will be applied to the user 
object with high precision, accuracy, and dependability. The user feels very linle compliance or 
• mushincss" when handling object 44 due to the high bandwidth. In contra.st. in typical prior art 
arrangements of multi-degree of freedom interfaces, one actuator "rides' upon another actuator in 
a serial chain of links and actuators. This low bandwidth arrangement causes the user to teel the 
inertia of coupled actuators when manipulating an object. 

Central transducer 68 is positioned near the center of rotation of two revoluic degrees of 
freedom. Though the transducer 68 is not grounded, its central position permits a minimal inertial 
contribution to the mechanical apparatus 25' along the provided degrees of freedom. A user 
manipulating object 44 thus will feel minimal internal effects from the weight of transducers 66a, 
66b and 68. 

Shaft transducer 70 preferably includes a sensor and is provided in the described 
embodimem to measure a fourth degree of freedom for object 44. Shaft transducer 70 is 
preferably positioned at the end of linear axis member 40 that is cppo.site to the object 44 and 
measures the rotauonal position of object 44 about axis C in the fourth degree of freedom, as 
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indicated by arrow 72. Shaft transducer 70 is described in greater detail with respect to Figure 6 
and 6b. Preferably, shaft transducer 72 is implemented using an optical encoder similar to the 
encoders described above. A suitable input transducer for use in the present invention is an 
optical encoder model SI marketed by U.S. Digital of Vancouver. Washington. In the described 
embodiment, shaft transducer 70 only includes a sensor and not an actuator. This is because for 
typical medical procedures, which is one intended application for the embodiment shown in 
Figures 3 and 4, rotational force feedback to a user about axis C is typically not required to 
simulate actual operating conditions. However, in alternate embodiments, an actuator such as a 
motor can be included in shaft transducer 70 similar to transducers 66a. 66b. and 68 . 

Objcc: 44 is shown in Figures 3 and 4 as a grip ponion 26 of a laparoscopic tool similar to 
the tool shown in Figure 1. Shaft ponion 28 is implemented as linear axis member 40. A user 
can move the laparoscopic tool about axes A and B, and can translate the tool along axis C and 
rotate the tool about axis C. The movements in these four degrees of freedom will be sensed and 
tracked by computer system 16. Forces can be applied preferably in the first three degrees of 
15 freedom by the computer system to simulate the tool impacting a portion of subject body, 
experiencing resistance moving through tissues, etc. 

Optionally, additional transducers can be added to apparatus 25' to provide additional 
degrees of freedom for object 44. For example, a transducer can be added to grip 26 of 
laparoscopic tool 18 to sense when the user moves the two portions 26a and 26b relative to. each 
20 other to simulate extending the cutting blade of the tool. Such a laparoscopic tool sensor is 
described in U.S. Patem Application Serial No. 08/275.120. filed July 14. 1994 and entiUed 
"Method and Apparatus for Providing Mechanical I/O for Computer Systems" assigned to the 
assignee of the present invention and incorporated herein by reference in its entirety. 

Figure 5 is a perspective view of a capstan drive mechanism 58 shown in some detail. As 
25 an example, the drive mechanism 58 coupled to extension arm 48b is shown; the other capstan 
drive 58 coupled to extension arm 48a is substantially similar to the mechanism presented ^ .-re. 
Capstan drive mechanism 58 includes capstan drum 59. capstan pulley 76. and stop 78. Capstan 
drum 59 is preferably a wedge-shaped member having leg portion 82 and a cun-ed portion 84. 
Other shapes of member 59 can also be used. Leg portion 82 is pivotally coupled to vertical 
30 support member 62 at axis B (or axis A for the opposing capstan drive mechanism). Extension 
member 48b is rigidly coupled to leg portion 82 such that when capstan drum 59 is rotated about 
axis B. extension member 48b is also rotated and maintains the position relative to leg ponion 82 
as shown in Figure 5. Curved ponion 84 couples the two ends of leg ponion 82 together and is 
preferably fonncd in an arc centered about axis B. Cur%xd ponion 84 is preferably positioned 
35 such that its bottom edge 86 is about 0.030 inches above pulley 76. 
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Cable 80 is preferably a thin metal cable connected to curved portion 84 of the capstan 
drum Other types of durable cables, cords, wire. etc. can be used as well. Cable 80 is attached at 
a first end to curved portion 84 near an end of leg portion 82 and is drawn tautly against the outer 
surface 86 of curved portion 84. Cable 80 is wrapped around pulley 76 a number of times and ts 
then aga^n drawn tautly against outer surface 86. The second end of cable 80 is firmly attached to 
the other end of curbed portion 84 near the opposite leg of leg portion 82. The cable transmits 
rotational force from pulley 76 to the capstan drum 59. causing capstan drum 59 to rotate about 
axis B as explained below. The cable also transmits rotational force from drum 59 to the pulley 
and transducer 66b. The tension in cable 80 should be at a level so that negligible backlash or play 
occurs between capstan drum 59 and pulley 76. Preferably, the tension of cable 80 can be 
adjusted by pulling more (or less) cable length through an end of curved port.on 84. Caps 8 1 on 
the ends of curved portion 84 can be used to easily tighten cable 80. Each cap 81 is preferably 
tightly coupled to cable 80 and includes a pivot and tightening screw wh.ch allow the cap to move 
in a direction indicated by arrow 83 to tighten cable 80. 

Capstan pulley 76 .s a threaded metal cylinder which transfers rotational force from 
transducer 66b to capstan dmm 59 and from capstan dnim 59 to transducer 66b. Pulley 76 .s 
rotattonally coupled to vertical support member 62 by a shaft 88 (shown in Figure 5a) pos.uoned 
through a bore of vertical member 62 and rigidly atuched to pulley 76. Transducer 66b .s 
coupled to pulley 76 bv shaft 88 through vertical support member 62. Rotational force .s apphed 
from transducer 66b to pulley 76 when the actuator of transducer 66b rotates the shatt. m 
pulley in turn, transmits the rotational force to cable 80 and thus forces capstan drum 59 to rotate 
in a direction about axis B. Extension member 48b rotates with capstan dmm 59, thus causing 
force along the second degree of freedom for object 44. Note that pulley 76. capstan drum ..9 and 
extension memoer 48b will only actually rotate if the user is not applying ihc same amount or a 
.rcatcr amount of rotational force to object 44 in the oppos.te direction to cancel the rotational 
movement. In any event, the user will feel the rotational force along the second degree of freedom 
in object 44 as force feedback. 

The capstan mechanism 58 provides a mechanical advantage to apparatus 25' so that the 
force output of the actuators can be increased. TIk ratio of the diameter of pulley 76 to the 
diameter of capstan drum 59 (i.e. double the distance from axis B to the bottom edge 86 of 
capstan dmm 59) dictates the amount of mechanical advantage, similar to a gear sy.stem. In the 
preferted embodiment, the ratio of dmm to pulley is equal to 15:1. although other ratios can be 
used in other embodiments. 

Similarly, when the user moves object 44 in the second degree of freedom, extension 
member 48b rotates about axis B and rotates capstan dmm 59 about axis B as well. This 
movement causes cable 80 to move, which transmits the rotational force to pulley 76. Pulley 76 
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rotates and causes shaft 88 to rotate, and the direction and magnitude of the movement is detected 
by the sensor of transducer 66b. A similar process occurs along the first degree of freedom for 
the other capstan drive mechanism 58. As described above with respect to the acraators. the 
capstan drive mechanism provides a mechanical advantage to amplify the sensor resolution by a 
5 ratio of drum 59 to pulley 76 ( 1 5: 1 in the preferred embodiment). 

Stop 78 is rigidly coupled to vertical support member 62 a few millimeters above curved 
portion 84 of capstan drum 59. Stop 78 is used to prevent capstan drum 59 from moving beyond 
a designated angular limit. Thus, dnim 59 is constrained to movement within a range defined by 
the arc length between the ends of leg portion 82. This constrained movement, in turn, constrains 
10 the movement of object 44 in the first two degrees of freedom. In the described embodiment. 
Slop 78 is a cylindrical member inserted into a threaded bore in vertical support member 62. 

Figure 5a is a side elevaiional view of capstan mechanism 58 as shown in Figure 5. Cable 
80 is shown routed along the bottom side 86 of curved portion 84 of capstan dnim 59. Cable 80 
is preferably wrapped around pulley 76 so that the cable is positioned between threads 90, i.e.. the 

15 cable is guided by the threads as shown in greater detail in Figure 5b. As pulley 76 is rotated by 
transducer 66b or by the manipulations of the user, the portion of cable 80 wrapped around the 
pulley travels closer to or further from vertical support member 62, depending on the direction 
that pulley 76 rotates. For example, if pulley 76 is rotated counterclockwise (when viewing the 
pulley as in Figure 5), then cable 80 moves toward vertical support member 62 as shown by 

20 arrow 92. Capstan drum 59 also rotates clockwise as shown by arrow 94. Tlie threads of pulley 
76 are used mainly to provide cable 80 with a belter grip on pulley 76. In alternate embodiments, 
pulley 76 includes no threads, and the high tension in cable 80 allows cable 80 to gnp pulley 76. 

Capstan drive mechanism 58 is advantageously used in the present invention to provide 
transmission of forces and mechanical advantage between transducers 66a and 66b and object 44 

25 without introducing substantial compliance, friction, or backlash to the system. A capstan drive 
provides increased stiffness, J that forces are transmitted with negligible stretch and compression 
of the components. The amount of friction is also reduced with a capstan drive mechanism so 
that substantially "noiseless" tactile signals can be provided to the user. In addition, the amount of 
backlash contributed by a capstan drive is also negligible. "Backlash" is the amount of play that 

30 . occurs between two coupled rotating objects in a gear or pulley system. Two gears, belts, or other 
types of drive mechanisms could also be used in place of capstan drive mechanism 58 in alternate 
embodiments to transmit forces between transducer 66a and extension member 48b. However, 
gears and the like typically introduce some backlash in the sy.stem. In addition, a user might be 
able to feel the interlocking and grinding of gear teeth during rotation of gears when manipulating 

S.-i object 44: the rotation in a capstan drive mechanism is much less noticeable. 
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Figure 6 is a perspeciive view of central drive member 50a and linear axis member 40 
shown in some detail. Central drive member 50a is shown in a partial cutaway view to expose 
the interior of member 50a. Central transducer 68 is coupled to one side of central drive member 
50a. In the described embodiment, a capstan drive mechanism is used to transmit forces between 
transducer 68 and linear axis member 40 along the third degree of freedom. A rotatable shaft 98 
of transducer 68 extends through a bore in the side wall of cenu^ drive member 50a and is 
coupled to a capstan pulley 100. Pulley 100 is described in greater detail below with respect to 
Figure 6a. 

Linear axis member 40 preferably includes an exterior sleeve 91 and an interior shaft 93 
(described with reference to Figure 6b, below). Exterior sleeve 91 is preferably a partially 
cylindrical member having a flat 41 provided along its length. Flat 41 prevents sleeve 91 from 
rotating about axis C in the fourth degree of freedom described above. Linear axis member 40 is 
provided with a cable 99 which is secured on each end of member 40 by tension caps 101. Cable 
99 preferably runs down a majority of the length of exterior sleeve 91 on the surface of flat 4 1 and 
can be tightened, for example, by releasing a screw 97, pulling an end of cable 99 until the desired 
tension is achieved, and tightening screw 97. Similarly to the cable of the capstan mechanism 
described with reference to Figure 5, cable 99 should have a relatively high tension. 

As shown in Figure 6a. cable 99 is wrapped a number of times around pulley 100 so that 
forces can be transmitted between pulley 100 and linear axis member 40. Pulley 100 preferably 
includes a central axle portion 103 and end lip portions 105. Exterior sleeve 91 is preferably 
positioned such that flat 41 of the sleeve is touching or is very clo.se to lip portions 105 on both 
sides of axle portion 103. The cable 99 portion around pulley 100 is wrapped around central axle 
portion 103 and moves along ponion 103 towards and away from shaft 98 as the pulley is rotated 
clockwise and counterclockwise, respectively. The diameter of axle portion 103 is smaller than 
lip ponion 105. providing space between the pulley 100 and flat 41 where cable 99 is attached and 
allowing free movement of the cable. Pulley 100 preferably does not include threads, unlike 
pulley 76. since the tension in cable 99 allows the cable to grip pulley 100 tightly. In other 
embodiments, pulley 100 can be a threaded or unthreaded cylinder similar to capstan pulley 76 
described with reference to Figure 5. 

Using the capstan drive mechanism, transducer 68 can translate linear axis member 40 
along axis C when the pulley is rotated by the actuator of transducer 68. Likewise, when linear 
axis member 40 is translated along axis C by the u.ser manipulating object 44. pulley 100 and 
shaft 98 are rotated; this rotation is detected by the sensor of transducer 68. The capstan drive 
mechanism provides low friction and smooth, rigid operation for precise movement of linear axis- 
member 40 and accurate position measurement of the member 40. 
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Other drive mechanisms can also be used lo transmit forces to linear axis member and 
receive positional information from member 40 along axis C. For example, a drive wheel made 
of a mbber-like material or other frictional material can be positioned on shaft 98 to contact linear 
axis member 40 along the edge of the wheel. The wheel can causc forces along member 40 from 
the friction between wheel and linear axis member. Such a drive wheel mechanism .s disclosed 
in the abovementioned Application Serial No. 08/275.120 as well as in U.S. Patent Application 
Serial No 08/344.148. filed November 23. 1994 and cntiUed "Method and Apparatus for 
Providing Mechanical 1/0 for Computer Systems Interfaced with Elongated Flexible Objects- 
assigned to the assignee of the present invention and incorporated herein by reference in it.s 
entirety. Linear axis member 40 can also be a single shaft in alternate embodiments mstead of a 
dual pan sleeve and shaft. 

Referring to the cross sectional side view of member 40 and transducer 70 shown in 
Figure 6b. interior shaft 93 is positioned inside hollow exterior sleeve 91 and is rotaiably coupled 
to sleeve 91. A first end 107 of shaft 93 preferably extends beyond sleeve 91 and is coupled to 
object 44. When object 44 is rotated about axis C, shaft 93 is also rotated about axis C in the 
fourth degree of freedom within sleeve 91 . Shaft 93 is translated along axis C in the third degree 
of freedom when sleeve 91 is translated. Alteroaiively. interior shaft 93 can be coupled to a shaft 
of objcci 44 within exterior sleeve 91. For example, a short portion of shaft 28 of laparoscopic 
tool 18. as shown in Figure 1. can extend into sleeve 91 and be coupled to shaft 93 within the 
sleeve, or shaft 28 can extend all the way to transducer 70 and functionally be used as shaft 93. 

Shaft 93 is coupled at its second end 109 to transducer 70. which, in the preferred 
embodiment, is an optical encoder sensor. The housing 1 1 1 of transducer 70 is rigidly coupled to 
exterior sleeve 9 1 by a cap 1 15. and a shaft 1 13 of transducer 70 is coupled to tntenor shaft 93 so 
that transducer 70 can measure the rotational position of shaft 93 and object 44. In alternate 
embodirienis, an actuator can also be included in transducer 70 to provide rotational forces about 
axis C to shaft 93. 

Figure 7 is a perspective view of an alternate embodiment of the mechanical apparatus 25" 
and user obiect 44 of the present invention. Mechanical apparatus 25" shown in Figure 7 operates 
substantially the same as apparatus 25' shown in Figures 3 and 4. User object 44. however, is a 
stylus 102 which the user can grasp and move in six degrees of freedom. By "grasp", it is meant 
diat iiscrs may rcleasably engage a grip portion of the object in some fa.shion. such a.s by hand, 
with their fingertips, or even orally in the case of handicapped persons. Stylus 102 can be sensed 
and force can be applied in various degrees of freedom by a computer .system and interface .such 
, as computer 1 6 and interface 14 of Figure 1. Stylus 102 can be used m virtual reality simulations 
in which ihe user can move the stylus ,n 3D space to point to objects, write words, drawings, or 
other images, etc. For example, a user can view a virtual environment generated on a computer 
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screen or in 3D goggles. A virtual stylus can be presented in a virtual hand of the user. Th, 
computer system tracks the position of the stylus with sensors as the user moves .i. The 
computer system also provides force feedback to the stylus when the user moves the stylus 
against a vimiai desk top. writes on a vinual pad of paper, etc. It thus appears and feels to the user 
that the stylus is contacting a real surface. 

Stylus 102 preferably is coupled to a floating gimbal mechanism 104 which provides two 
decrees of freedom in addition to the four degrees of freedom provided by apparatus 25' 
described with reference to Figures 3 and 4. Floating gimbal mechanism 104 includes a U- 
shaped member 106 which is rotatably. coupled to an axis member 108 by a shaft 109 so that U- 
shaped member 106 can rotate about axis F. Axis member 108 is rigidly coupled to linear 
member 40. In addition, the housing of a transducer 1 10 is coupled to U-shaped member 106 
and a shaft of transducer 1 10 is coupled to shaft 109. Shaft 109 is preferably locked into position 
within axis member 108 so that as U-shaped member 106 is rotated, shaft 109 does not rotate. 
Transducer 110 is preferably a sensor, such as an optical encoder as described above with 
reference to transducer 70. which measures the rotation of U-shaped member 106 about axis F m 
a fifth degree of freedom and provides electrical signals indicating such movemem to interface 14. 

Stylus 102 is preferably rotatably coupled to U-shaped member 106 by a shaft (not 
shown) extending through the U-shaped member. This shaft is coupled to a shaft of transducer 
112 the housing of which is coupled to U-shapcd member 106 as shown. Transducer 11- is 
preferably a sensor, such as an optical encoder as described above, which measures the rotation of 
stylus 102 about the lengthwise axis G of the stylus in a sixth degree of freedom. 

In the described embodiment of Figure 7, six degrees of freedom of stylus 102 are 
sensed Thus, both the position (x, y, z coordinates) and the orientation (roll, pitch, yaw) of the 
stylus can be detected by computer 16 to provide a highly realistic simulation. Other mechanisms 
besides the Hoating gimbal mechanism 104 can be used to provide the fifth and sixth degrees of 
freedom. In addition, forces can be applied in three degrees of freedom for stylus 102 to provide 
3D force feedback. In alternate embodiments, actuators can also be included m transducers 70. 
110 and 112 However, actuators are preferably not included for the fourth, fifth, and sixth 
degrees of freedom in the described embodiment, since actuators are typically heavier than 
sensors and. when positioned at the locations of transducers 70. 100. and 112. would create more 
inertia in the system. In addition, the force feedback for the designated three degrees of freedom 
allows impacts and resistance to be simulated, which is typically adequate ,n many v.mial reahty 
applications. Force feedback in the fourth, fifth, and sixth degrees of freedom would allow 
torques on stvlus 102 lo he simulated as well, which may or may not be useful m a simulation. 
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Figure 8 is a perspective view of a second alternate embodiment of the mechanical 
apparatus '>T and user object 44 of the present invention. Mechanical apparatus 25- shown .n 
Figure 8 operates substantially the same as apparatus 25' shown in Figures 3 and 4. User object 
44 however is a joystick 112 which the user can preferably move in two degrees of freedom. 
Joystick 1 12 can be sensed and force can be applied in both degrees of freedom by a computer 
system and interface similar to computer system 1 6 and interface 14 of Figure 1 . In the described 
embodiment, joystick 112 is coupled to cylindrical fastener 64 so that the user can move the 
joystick in the two degrees of freedom provided by gimbal mechanism 38 as dcscnbed above. 
Linear axis member 40 is not typically included in the embodiment of Figure 8. since a joystick us 
not usuallv translated along an axis C. However, in alternate embodiments, joystick 1 1 2 can be 
coupled to linear axis member 40 similarly to stylus 102 as shown in Figure 7 to provide a third 
degree of freedom. In yet other embodiments, linear axis member 40 can rotate about ax.s C and 
transducer 70 can be coupled to apparatus 25 " to provide a fourth degree of freedom. Fmally. tn 
other embodiments, a floating gimbal meclianism as shown in Figure 7. or a d.ffcrcm 
mechanism, can be added to the joystick to allow a five or six degrees of freedom. 

Joystick 1 12 can be used in vimial reality simulations in which the u.ser can move the 
joystick to move a vehicle, poim to objects, control a mechanism, etc. For example, a user can 
view a virtual environment generated on a computer screen or in 3D goggles in which joystick 
IP controls an aircraft. The computer system tracks the position of the joystick as the user 
moves it around with sensors and updates the virtual realitv- display accordingly to make the 
aircraft move in the indicated direction, etc. The computer system also provides force feedback to 
the joystick, for example, when the aircraft is banking or accelerating in a turn or m other 
simations where the user may expenence forces on the joystick or find it more difficult to steer the 
aircraft. 

Figure 9 is a schematic view of a computer 16 and an interface circuit 120 that may be 
used in interface 14 to send and receive signals from mechanical apparatus 25. Interface circuit 
120 includes computer 16, interface card 120. DAC 122, power amplifier circuit 124. digital 
sensors 128. and sensor interface 130. Optionally included are analog sen.sors 132 instead of or 
in addition to digital .sensors 128. and ADC 134. In this embodiment, the interface 14 between 
computer 16 and mechanical apparatus 25 as shown in Figure 1 can be considered functionally 
equivalem to the interface circuits enclosed within the dashed line in Figure 14. Other types of 
interfaces 14 can also be used. For example, another type of interfxe circuit is descnbed below 
with respect to Figure 20. 

Interface card 120 can be implemented as a standard card which fits into an interface slot 
of computer 16. For example, if computer 16 is an IBM-compatible X86 computer, interface 
card 14 can be implemented as an ISA or other well-known sundard interface card which plugs 
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into the motherboard of the computer and provides input and output ports connected to the main 
data bus of the computer. 

Digital to analog convener (DAC) 122 is coupled to interface card 120 and receives a 
digital signal from computer 16. DAC 122 converts the digital signal to analog voltages which 

5 are then sent to power amplifier circuit 124. A DAC circuit suitable for use wiih the present 
invention is described with reference to Figure 10. Power amplifier circuit 1 24 receives an analog 
low-power conu-ol voltage from DAC 122 and amplifies the voltage to control actuators 126. 
Power amplifier circuit 124 is described in greater detail with reference to Figure 11. Actuators 
126 are preferably DC servo motors incorporated into the transducers 66a, 66b, and 68, and any 

10 addilionai actuators, as descnbcd with reference to the embodiments shown in Figures 3. 7. and 8 
for providing force feedback to a user manipulating object 44 coupled to mechanical apparatus 25. 

Digiuil sensors 128 provide signals to computer 16 relating the position of the user object 
44 in 3D space. In the preferred embodiments described above, sensors 128 are relative opucal 
encoders, which are electro-optical devices that respond to a shaft's rotation by producing two 

15 phase-related signals. In the described embodiment, sensor interface circuit 130. which is 
preferably a single chip, receives the signals from digital sensors 128 and converts the two signals 
from each sensor into another pair of clock signals, which drive a bi-directional binary counter. 
The output of the binary counter is received by computer 16 as a binary number representing the 
angular position of the encoded shaft. Such circuits, or equivalent circuits, are well known to 

20 those skilled in the ait; for example, the Quadrature Chip LS7166 from Hewlett Packard, 
California performs the functions described above. Each sensor 28 can be provided with its own 
sensor interface, or one sensor interface may handle data from multiple sensors. For example, the 
electronic interface described in parent patent Application Serial No. 08/092.974 describes a 
sensor interface including a separate processing chip dedicated to each sensor that provides input 

25 data. . 

Analog sensors 132 can be included instead of digital sensors 128 for all or some of the 
transducers of the present invention. For example, a strain gauge can be connected lo measure 
forces on object 44 rather than positions of the object. Also, velocity sensors and/or 
accelerometers can be used to directly measure velocities and accelerations on object 44. Analog 
30 sensors 132 can provide an analog signal representative of the position/velocity/accclcration of the 
user object in a particular degree of freedom. An analog to digital converter (ADC) can convert 
the analog signal to a digital signal that is received and interpreted by computer 16. as is well 
known to those skilled in the art. The resolution of the detected motion of object 44 would be 
limited by the resolution of the ADC. 
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Figure 10 is a schematic view of a DAC circuit 1 22 of Figure 9 suitable for converting an 
input digital signal to an analog voltage that is output to power amplifier circuit 124. In ihe 
described embodiment, circuit 122 includes a parallel DAC 136. such as the DAC1220 
manufacwred by National Semiconductor, which is designed to operate with an external generic 

5 op amp 138. Op amp 138. for example, outputs a signal from zero to -5 volts proportional to the 
binary number at its input. Op amp 140 is an inverting summing amplifier that converts the 
output voltage to a symmetrical bipolar range. Op amp 140 produces an output signal between - 
2.5 V and +2.5 V by inverting the output of op amp 138 and subtracting 2.5 volts from that 
output: this output signal is suitable for power amplification in amplification circuit 124 As an 

10 example, Rl = 200 kft and R2 = 400 kii. Of course, circuit 122 is intended as one example of 
many possible circuits that can be used to convert a digital signal to a desired analog signal. 

Figure 1 1 is a schematic view of a power amplifier circuit 124 suitable for use in the 
interface circuit 14 shown in Figure 9. Power amplifier circuit receives a low power control 
voltage from DAC circuit 122 to control high-power, current-controlled servo motor 126. The 

15 input control voltage controls a transconductance stage composed of amplifier 142 and several 
resistors. The transconductance stage (commonly referred to as a Howland current pump) 
produces an output cuirent proportional to the input voltage to drive motor 126 while drawing 
very little current from the input voltage source. The second amplifier stage, including amplifier 
144, resistors, and a capacitor C. provides additional current capacity by enhancing the voltage 

20 .swing of the second terminal 147 of motor 146. .As example values for circuit 124, R = 10 kQ . 
R2 = 500 a. R3 = 9.75 kQ, and R4 = Ifl. Of course, circuit 1 24 is intended as one example of 
many possible circuits that can be used to amplify voluges to drive actuators 126. 

Figure 12 is a perspective view of an alternate embodiment 200 of the mechanical 
interface apparatus 25 of the present invention. Apparatus 200 includes a gimbal mechanism 202 
25 and an optional linear axis member 204. User object 44 is preferably coupled to linear axis 
member 204. Alternatively, user object 44 can be coupled directly to the gimbal mechanism 202. 

Gimbal mechanism 202 is similar in some respects to gimbal mechanism 38 as described 
above with reference to Figure 2. Gimbal mechanism 202 can be supported on a grounded 
surface 206 (schematically shown as part of ground member 208). Grounded surface 206 can be 
30 a tabletop or other fixed, stable surface. The grounded surface can also be fixed relative to only 
apparatus 200 such that the grounded surface and apparatus 200 can be moved by user as an 
entire unit. 

Gimbal mechanism 202 preferably includes a multi-segmenl Hexure that is rotatably 
coupled to a ground member 208. Gimbal mechanism 202 includes a ground member 208. 
35 extension members 2 10a and 210b, and central members 212a and 212b. Ground member 208. 
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shown schematically, is coupled to grounded surface 206 which provides stability for apparatus 
200. Ground member 208 is shown in Figure 12 as. two separate symbols coupled together 
through grounded surface 206, but ground member 208 can be considered to be one • member- 
thai is grounded. An example of a ground member 208 including members 60 and 62 is shown 
above in Figure 3. It should be noted that members 210a. 210b. 212a. and 212b are referred to 
herein as •'members" due to the similarity of the rotatably-coupled members described with 
reference to Figure 2. However, these • members" of gimbal 202 can be considered "segments ' 
of a ' multi-.segment flexure" or a •"unitary member." that is roiatably coupled to ground member 
208. 

The central members 212a and 2 1 2b are nexible members having a torsion flex (twist) 
and bending compliance so that the object 44 can be moved in two or three degrees of freedom 
about axes A. B, and C. as explained below. Axes A and B are fixed in position with respect to 
the ground surface 206 (i.e.. grounded) and are substantially mutually perpendicular. As 
described above with reference to Figure 2, Hoating axes C. D and E are not fixed in one position 
as are axes A and B. Floating axes D and E are coincident with axes B and A. respectively, when 
ihe user object 44 is in a central position as shown in Figure 12. Floating axis C preferably 
extends approximately through the point of intersection P of axes A and B. 

Extension member 210a is rotatably coupled lo ground member 206 at a first end. In the 
example of Figure 12. a rotary bearing 214a i.s provided between the extension member 210a and 
ground member 206 such that the extension member 210a is rotatable about grounded axis A. 
For example, bearing 214a can be part of a transducer 42 as described above, such as an acwator 
and/or a sensor. Such a transducer, for example, includes a rotatable shaft to which the extension 
member 210a can be ngidly coupled. Extension member 210a is a rigid member similar to the 
extension member 48a as shown with respect to Figure 2. and can be made of a material such as 
rigid plastic, metal, or the like. Extension member 210a rotates about axis A as shown by arrow 
220. 

The second end of extension member 210a is rigidly coupled to a first end of central 
member 2I2a. Central member 212a is aligned parallel with a floatmg axis D and is made of a 
materia) such as Hexible plastic, rubber, metal, or the like, that provides torsion flex (twist) and 
bending in a particular desired degree of freedom. Compliance or nex can also be provided with 
spring members and the like. Herein, the term •'nex" is intended to refer to any son of flexibility 
in z member or segment. Types of flex described herein mclude twist (torsion Ilex) and bending. 
Twist is the torque twisting motion about a member's lengthwi.se axis, and bending is the relative 
movement of the two ends of a member towards or away from each other. 
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In the described embodiment, central member 2 1 2a can flex about the floatmg axis D. As 
shown in Figure 12. central member 212a is relatively narrow in the dimension that the central 
member is to flex, and relatively wide in the dimensions in which the central member is desired to 
remain rigid. Since the central member 212a has a relatively large width in the dimensions of 
axes C and D. the member will not easily flex in tho.^ dimensions. However, the central 
member 212a has a relatively small width in the dimension of a floating axis E. and is thus 
compliant in that dimension. This allows the central member 212a lo twist about floating axis D. 
as shown by arrow 222. when object 44 is rotated about axis D. This twisting motion substitutes 
for the rotar>' motion of central member 50a about axis D as allowed by rotarv- beanng 45a. as 
described above for Figure 2. In addition to twisting about axis D, central member 21 2a can bend 
in the plane of axes D and E. This bending motion substitutes for the rotarv- motion of the central 
member 50a about axis C as allowed by rotar)' bearing 47. as explained with respect to Figure 2. 
Since centra] member 212a can flex, this member is "nexibly coupled" to extension member 
2I0a. In other embodiments, central members 212a and 212b can be provided with other 
geometries that allow the twisting and bending motions described above. 

In the described embodiment, the second end of central member 212a is rigidly coupled to 
object member 216, which is positioned about at the center point P at the intersection of axes D 
and E. Object member 216 can support linear axis member 204 or user object 44. The size and 
shape of object member 216 can vary widely in different embodiments. Object member 216 
preferably includes an aperture through which a linear axis member 204 or user object 44 can 
translate. In alternate embodiments where object 44 does not translate, object member 216 can be 
omitted and the second end of central member 212a and the first end of cenu-al member 212b can 
be directly and rigidly coupled to the user object 44. which can be placed at about the center point 
P at the intersection of the axes D and E. For example, in a joystick embodiment having two 
degrees of freedom, a joystick handle can be coupled directly to central members 212a and 212b 
(shown in Figure 13). 

CcLiral member 212b is similar to central member 2 1 2a and includes a first end that is 
rigidly coupled to object 216. Central member 2 12b is preferably aligned with floating axis E and 
is narrow in the dimension of axis D and wide in the dimensions of axes E and C. This allows 
the central member 212b to twist about floating axis E. as indicated by arrow 224. Central 
member 212b may also bend in the plane of axes D and E. A first end of extension member 
210b is rigidly coupled to the second end of central member 212b. Extension member 210b is 
rigid similarly to extension member 2 1 Oa and extends in a fa.shion such that the second end of the 
extension member 210b is positioned on axis B. A rotatable bearing 214b is rotaiably coupled to 
35 the second end of extension member 210b. thus allowing extension member 210b to rotate about 
axis B as indicated by arrow 226. As for bearing 214a. bearing 214b can be part of a transducer 
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such as a actuator or sensor. Bearing 2I4b is rigidly coupled lo ground member 208 to complete 
the closed loop of members. 

Gimbal mechanism 202 is formed as a closed chain or "nexure" of five "members." 
Each end of one member is coupled to ihc end of another member. The flexure .s arranged such 
that extension member 2I0a, central member 2I2a, and central member 212b can be rotated about 
axis A in a first degree of freedom. The linkage is also arranged such that extension member 
210b. central member 212b, and central member 212a can bz rotated about axis B in a second 
degree of freedom. In this sense, the gimbal mechanism 202 is similar to mechanism 3S shown 
in Figure 2. When object 44 is moved, the bending ability of the central members 212a and 212b 
cause the angle 6 between the central members to increase or decrease. For example, in the origin 
position shown in Figure 1 2, the angle 6 is about 90 degrees. If object 44 is moved such that the 
top of linear axis member 204 moves away from the viewer ("into" the paper) or toward the 
viewer (out of the paper), then the angle 8 between the central members will decrease. Likewise, 
if the top of linear axis member 204 is moved to the sides as shown in Figure 12, then the angle 9 
will increase. 

A major difference of the present embodiment from the embodiment of Figure 2 is thai 
members 210a, 210b. 212a and 212b can be provided as a "unitao' member." where these four 
members arc formed and produced coupled together as segments of a single pan or •'flexure." 
Gimbal mechanism 202 can thus also be considered a closed loop two member linkage, where 
one member is a complex unitary member (including these four segments) and the other member 
is ground member 208 that is rotatably coupled to the unitar>' member. 

Since the members 2l0a. 210b. 212a. and 212b are formed as a unitary part, bearings or 
joints between these members do not need to be separately manufactured and the extensive 
assembly process for these members is not necessary. In contrast, the embodiment of Figure 2 
requires joints between equivalent members to these four members to be produced and for these 
joints and members to be assembled and fastened together. In consequence, the gimbal 
mechanism 202 is significantly less expensive to produce than the mechanism 25 of Figure 2. 
This allows the mechanical apparatus 200 to be manufactured and provided to the high-volume 
consumer market while still providing an accurate iind realistic force feedback interface to the 
user. In other embodiments, some of the members 210a. 210b, 212a, and 212b can be formed 
together as unitai>- members and some members can be formed separately. For example, 
extension member 210a and central member 2i2a can be formed together as segments of one 
unitary member, while extension member 210b and central member 212b can be formed together 
as segments of a second unitary member. Alternatively, central members 212a and 212b can be 
formed together as a unitary member (with or without object member 216 formed between 
them). 
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Linear axis member 204 is preferably an elongated rod-like member which is iranslatably 
coupled to central member 212a and central member 212b near the point of intersection P of axes 
D and E and is similar to linear axis member 40 described wuh reference to F.gtire 2. Lmear 
axis member 204 can be used as the object 44 or as part of the object 44, as ,n shaft 28 of user 
object 44 as shown in Figure 1, or as a joystick handle, pool cue. etc. In other embodiments, 
linear axis member 204 can be coupled between an object 44 and gimbal mechanism 202. Lmear 
axis member 204 is coupled to gimbal mechanism 202 such that it extends out of the plane 
defined by floating axis D and noat.ng axis E. Lmear axis member 204 can be rotated about axis 
Eby rotating extension member 210a. central member 2I2a, and central member 212b m a first 
revolute d.gree of freedom, shown as arrow line 230. Member 204 can also be rotated about axis 
D by rotating extension member 212b and the two central members about axis D in a second 
revolute degree of freedom, shown by arrow line 232. 

Being translaiably coupled to object member 216 (or the ends of central members 210a 
and 210b). linear axis member 204 can be linearly and independemly translated along floating axis 
C with respect to the gimbal mechanism 202. thus providing a third linear degree of freedom us 
shown by arrows 234. Axis C can, of course, be rotated about one or both axes A and B as 
member 204 is rotated about these axes. A transducer can also be coupled to linear axis member 
204 for the linear deeree of freedom along axis C. The transducer can include an actuator for 
applying forces m the linear degree of freedom, and/or a sensor for detecting the position of the 
linear axis member in the linear degree of freedom. Such transducers are described in greater 
detail in the above embodiments. 

In addition, a rotary fourth degree of freedom can be provided to linear axis member 204 
(and/or object 44) by rotating of • spinning" the linear axis member about axis C. as indicated by 
arrow 236. This fourth degree of freedom can be provided by spinning linear axis member 204 
within a rotatable bearing of object member 2 16. Alternatively, a more limited fonn of spin can 
be provided by bending the central members to spin the entire object 44 and object member 216. 
This is descnbed in greater detail with respect to Figure 13. In addition, transducers can be 
provided to apply forces and/or sense motion in the rotary fourth degree of freedom, as described 
in previous embodiments. 

30 Also preferably coupled to gimbal mechanism 202 and linear axis member 204 arc 

transducers, such as sensors and actuators. Such transducers are preferably included as part of the 
beanngs 214a and 2 Mb and provide input to and output from an electrical system, such as 
computer 16. Transducers that can be used with the present invention are described above with 
respect to Figure 3. In addition, strain gauges can be used on the flexible members of the present 
embodiment (and other embodiments having flexible members) to measure the degree of bending 
and flex of a selected member. For example, the strain gauge can be placed over the length of a 
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central member 212a or 2 1 2b lo measure the members position or the force applied to the 
member. 

User object 44 is coupled to gimbal mechanism 202 either directly or via linear axis 
member 204. One possible user object 44 is the grip 26 of a laparoscopic tool 18. as shown in 
Figure !. where the shaft 28 of tool 18 can be implemented as part of linear axis member 40. 
Other examples of user objects include a joystick, as described below. 

Figure 1 3 is a top plan view of mechanical apparatus 200 of Figure 1 2. Axes A and B are 
shown substantially perpendicular to each other. If linear axis member 204 is rotatably coupled to 
object member 216, then a fourth degree of freedom about axis C can be provided. However, in 
other embodiments, linear axis member 204 can be rigidly coupled to object member 216 in the 
degree of freedom providing the spin about axis C. This spin can still be provided by flexing 
central members 212a and 212b. This is shown in Figure 13, where the solid line representation 
of object member 216 and central members 212a and 212b show these members in a center, 
neutral position. Dashed line representation 238 show.s object member 216 in a rotated position 
after the object member 216 and linear axis member 204 have been rotated counterclockwise as 
shown by aiTOWS 240. Central members 212a and 212b have nexed to allow this rotation to take 
place, as shown by the dotted lines. Thus, depending on the panicular nexibiUty of central 
members 212a and 212b, the linear axis member 204 and object 44 can be rotated in a limited 
amount clockwise or counterclockwise about axis C. 

In should be noted that, in some embodiments, the linear axis member 204 can be 
translatable in a third degree of freedom while being "rigidly" coupled to the object member 2 1 6 
with respect to the fourth degree of freedom (spin). This would allow the linear axis member to 
be translated along axis C but would prevent the linear axis member from spinning independently 
of the object member. Such an embodiment can be implemented, for example, by including one 
or more grooves within the central aperture of the object member 216 oriented along axis C. The 
linear axis member could include a corresponding number of catch members that engage the 
grooves to allow translation but not rotation with respect to the object member 216. 

Figure 14 is a perspective view of an alternate embodiment 200b of the mechanical 
apparatus 200 shown in Figure 12. Apparatus 200b includes a gimbal mechanism 202b that is 
similar to gimbal mechanism 202 and includes ground member 208 (shown schematically 
coupled to ground surface 206). rigid extension members 210a and 210b, and flexible central 
members 212a and 212b. In the embodiment of Figure 14. however, central member 212a and 
central member 212b are rigidly coupled to object 44. which is shown as a joystick 240. Object 
44 thus may not translate along axis C in this embodiment. Object 44. however, can rotate in a 
limited angular range about axis C as explained above with reference to Figure 13. In addition, 
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the extension members 2lOa and 210b of mechanism 202b are shown in a slightly different 
position to those of mechanism 202. Extension member 210b has been "nipped" to be coupled 
to object 44 via central member 212b on the opposite side of the object. Either this configuration 
or the configuration shown in Figure 12 may be used without significant functional differences. 

5 Furthermore, an additional transducer 2 14c is shown coupled to one end of the object 44. 

Transducer 214c is preferably grounded to ground member 208 {or a different member that is 
coupled to ground). Transducer 214c can include an actuator, such as a motor or brake, for 
impaning forces on object 44 in the rotary degree of freedom about axis C, and/or a sensor for 
deiecimc the motion and position of object 44 in the same rotary degree of freedom. These 

10 components arc described in greater detail in the above embodiments. This embodiment thus can 
provide three grounded actuators, which provides more accurate force feedback since the actuators 
are not canying the weight of any other acmators. Transducer 2 He is coupled to object 44 by a 
torsion resistant flexure 242. which Hexes to allow the object 44 to rotate about axes A and B but 
does not flex about axis C (i.e.. resists torsion forces). Flexure 242 may rotate with a shaft of 

15 transducer 214c and thus allow the object 44 to rotate about axis C. The flexure may relay forces 
and positions of object 44 about axis C even when the flexure is in a Hexed position. Such a 
flexure can take many possible forms, such as a coil or spring, as are well known to those skilled 
in the art. The grounded transducer 2 1 4c and flex coupling 242 can also be coupled to object 44 
in other embodiments disclosed herein. In yet other embodiments, torsion resistant flexure 242 

20 can couple object 44 directly to ground member 208 (or ground sunace 206). i.e., iran.sduccr 2 14c 
is omitted. In such an embodiment, object 44 cannot rotate about axis C due to the flexure's 
resistance to motion in that degree of freedom. 

In addition, in other embodiments having a u.ser object 44 translatable along axis C, the 
torsion resistant flexure 242 can allow such translation. Flexure 242 can be hollow, e.g., the 
25 interior space of a coil or spring. A linear axis member 204 or other thin object 44 can be 
translated through the hollow portion of the flexure 242. 

In yet other embodiments in which object 44 does not translate along axis C, object 44. 
such as a joystick handle, can be extended and coupled to ground member 208 or ground surface 
206. For example, a ball joint can be used to provide freedom of motion to object 44 and yet 
30 stabilize the object. A sphere, or a portion of a sphere, can be provided on the end of object 44 
and fined to a receiving socket positioned on ground surface 206, as is well known to those 
skilled in the art. Such a joint is shown and described with reference to Figures 22a and 22b. The 
ball joint allows object 44 to be moved about either axis D or E. 

Figure 15 is a perspective view of a third embodiment 2C0c of the mechanical apparatus 
35 200 shown in Figure 12. Apparatus 200c includes a gimbal mechanism 202c that includes 
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ground member 208 (shown schematically coupled lo ground surface 206) and rigid extension 
members 210a and 210b. sinular to equivalent members shown in Figures 12 and 14. Gimbal 
mechanism 202c also includes three flexible central members 2 1 2a, 212b, and 212c. Central 
members 212a and 212b arc similar to the central members described above with respect to 
Figures 12 and 13, where the members are both wide in the dimension of axis C and narrow in 
the respective dimensions in which the members may be twisted, i.e., central member 212a has a 
small width in the dimension of axis A so that the member can be twisted about axis B and bent 
in the plane of axes D and E. Central members 212a and 212b couple the object 44 to the 
extension members 210a and 210b and allow the object 44 to rotate about axes A and B (and 
floating axes D and E). 

Central member 212cis coupled between object member 216 (or object 44) and extension 
member 210a aiong axis A and noating axis E. Member 2I2c is flexible like members 2I2a and 
212b, but has a small width ;n the dimension of the C axis and a relatively large width in the 
dimensions of axes A and B. These dimensions allow flexible member 212c to twisi about axes 
E and A and bend in the plane of axes A and C. Since flexible member 212a also twists about 
axes A and E. object 44 can be routed about axes A and E. However, the relatively large width 
of flexible member 212c in the plane deflncd by axes A and B prevents object member 216 from 
rotating about axis C. This sinicturt provides more stiffness and stability to object 44 in the 
object's rotation about axes A and E. 

.Mtematively. a flexible member 21 2d can be provided instead of flexible member 212c. 
Member 21 2d couples object member 216 and object 44 to extension member 210a on the 
opposite side of object 44 from flexible member 212b. Member 212d is wide in the dimensions 
of axes A and B and narrow ,n the dimension of axis C. Member 212d may twist about axes B 
and D. and bend in the plane of axes B and C. thus providing object 44 a rotary degree of freedom 
about axes B and D. The larger width of member 21 2d in the A-R plane prevents object member 
216 from rotating about axis C. Typically, only member 212d or 212c is necessary for -stability 
reasons. Both members 2 1 2c and 2 1 2d can he provided in alternate embodiments. 

Since object member 216 cannot flexibly rotate about axis C in this embodiment, object 
44 can be roiatably coupled to object member 216 to allow the object 44 to spin about axis C. if 
desired. In other embodiments where object 44 is not desired to spm. the object 44 can be directly 
coupled to flexible members 212a-c. In the embodiment of Figure 15. object 44 can also be 
translated along axis C in a linear degree of freedom, as described above with respect to Figure 
12. A third grounded transducer 2 14c can also be coupled to object 44 as shown in Figure 14. 

Figure 1 6 is a perspective view of a fourth embodiment 200d of the mechanical apparatus 
200 shown in Figure 12. Apparatus 200d includes a gimbal mechanism 202d that includes 
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ground member 208 (shown schematically coupled to ground surface 206) and rigid extension 
members 210a and 210b. These members are similar to the equivalent members as described 
above with respect to Figure 2. Gimbal mechanism 202d also includes two flexible central 
members 212a and 212b. Central members 212a and 212b arc similar to the central members 
5 described above with respect to Figures 12 and 13, where the members are both wide in the 
dimension of axis C and narrow in the respect dimensions in which the members may be rotated. 
Central members 212a and 212b couple the object 44 to the extension members 210a and 210b 
and allow the object 44 to rotate about axes A and B (and floating axes D and E). 

A difference in the embodiment of Figure 1 6 is that ncxiblc members 212a and 2 1 2b are 
10 rigidly coupled to object 44 (or object member 216) and are rotatably coupled to extension 
members 210a and 210b, respectively, by bearings 213a and 213b. This allows the flexible 
members to bend and change the angle 6 with respect to each other due to flexure when object 44 
is rotated about axes A and B. However, since the flexible members 212a and 2 1 2b are rotatably 
coupled to the extension members, they will not twist when object 44 is moved, but will rotate. 
15 The flexure only comes into effect at the ends of flexible members 212a and 212b that are coupled 
to object 44 or object member 216. This configuration is a compromise between the 
configurations of Figures 2 and 12 and provides more parts and assembly complexity than the 
embodiment of Figure 12 due to the extra required bearings 213a and 213b. However, this 
embodiment allows the flexible members 212a and 212b to rotate more easily and thus provides 
20 more realistic force feedback to the user. 

Figure 17 is a perspective view of a fifth embodiment 200e of the mechanical apparatus 
200 shown in Figure 12. Apparatus 200c includes a gimbal mechanism 202e which includes a 
ground member 208, extension members 210a and 210b, and flexible central members 212a and 
212b coupled together similarly to the above embodiments. In most respects, apparatus 200c 
25 functions similarly to apparatus 200 of Figure 12. Flexible members 212a and 212b are rigidly 
coupled to extension members 210a and 210b. respectively, as in the embodiment of Figure 12. 
However, the flexible members are rotatably coupled to object 44 via bearing 215. Bearing 215 
provides a rotaiablc connection between central members 212a and 212b and to object 44 (or 
linear axis member 204), thus allowing the object or linear axis member to rotate or spin about 
axis C. When the object 44 is rotated about axes A and B (and D and E). the angle 6 between the 
central members changes due to rotation of bearing 215 instead of due to the bending of the 
members. The flexible members 212a and 212b twist due to being rigidly coupled to bearing 215 
and extension members 2iOa and 210b. This configuration, like the configuration of Figure 16. is 
a compromise between the embodiments of Figures 2 and 12 which is more co.stly than Uic 
35 embodiment of Figure 12. but also provides more realistic forces to :he user. 
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Figure 18 is a perspective view of mcciianical apparatus 25 (or 200) in which a voice coil 
actuator 240 acts as an actuator 126 to apply forces to object 44 in a degree of freedom. Voice 
coil actuators have been used in the prior art in a single degree of freedom for disk drives and 
similar rotating devices. Voice coil actuator 240 includes a pendulum shaft 242. a pendulum head 
244. a magnetic assembly 246. and a magnetic flux guide 247. Pendulum shaft 242 is rigidly 
coupled to extension member 48a such that when extension member 48a rotates about axis B, 
pendulum shaft 242 also rotates about axis B. Pendulum head 244 is coupled to shaft 242 and 
rotates with the shaft. Pendulum head 244 is positioned between two magnets 248 of magnet 
guide 246. Preferably, pendulum head extends out from and is exposed partially on both .sides of 
the magnet assembly 246. 

As shown in the side sectional view of Figure 19a and the top sectional view of Figure 
19b. pendulum head 244 is positioned between magnets 248a and 248b and is thus affected by 
the magnetic fields of both magnets. Magnets 248a and 248b each include north polarity surfaces 
250 and south polarity surfaces 252. thus providing four magnetic polarities to the interior region 
255 of the guide 47 (opposite polarities arc provided on opposing surfaces of magnets 248). In 
alternate embodiments, four different magnets can be provided (two north polarity magnets, and 
two south polarity magnets.) In yet another embodiment, one magnet 248a or 248b can be 
provided, and the other magnet can be a similarly-shaped piece of metal that provides a flux return 
path. Preferably, a small amount of space 249 is provided between the magnet surfaces and the 
pendulum head 244. Magnetic flux guide 247 is a housing that allows magnetic flux to travel 
from one end of the magnets 248 to the other end, as is well known to those skilled in the art. 

Pendulum head 244 includes a coil of wire 256 which is preferably wound around the 
perimeter of the pendulum head, .-^n electric currem I is flowed through the coil 256 via electrical 
connections 257. As is well, known to those skilled in the art. the electric current in the coil 
generates a magnetic field. The magnetic field from the coil then interacts with the magnetic fields 
generated by magnets 248 to produce a motion. The motion or torque of the pendulum head 244 
is indicated by arrows 258. The magnitude or strength of the torque is dependent on the 
magnitude of the cuirent that is applied to the coil. Likewise, the direction of the torque depends 
on the direction of the cuirent to the coil. The operation and implementation of such pendulum 
movement from magnetic fields is well known to those skilled in the art. 

Thus, by applied a desired current magnitude and direction, force can be applied to 
pendulum head 244. thereby applying force to pendulum shaft 242 and torque to extension 
member 48a. This in tum applies a force to object 44 in the rotary degree of freedom about axis 
B (and axis D). The voice coil actuator thus may be provided as a substitute for other actuators 
such as DC motors and brakes having rotatable shafts. A voice coil actuator can be provided for 
each degree of freedom of mechanical apparatus to which force is desired to be applied. For 
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example, a second voice coil 240 is preferably coupled to extension member 48a in a similar 
manner to apply forces to object 44 in the rotar>' degree of freedom about axes A and E. In 
addition, the other embodiments of mechanical apparatus 25 as shown in Figures 12-17 can use 
the voice coil actuator 240 as an actuator. Also, other known mechanical interface devices, such 
as slotted yoke mechanisms or other gimbai mechanisms, can use voice coils to provide force 
feedback to a user of the interface in desired degrees of freedom. 

In addition, the voice coil actuator 240 can be used as a .sensor. A second coil, having an 
appropnate number of loops, can be placed on pendulum head 244. Motion about axis B within 
magnetic tleld induces a voltage across the second coil. The voltage can be sensed across this 
second coil. This voltage is proportional to the rotational velocity of the pendulum head 244. 
From this derived vclocit)-. acceleration or position of the pendulum head can be derived using 
timing information, for example, from a clock (described below). Altematively. the coil 256 can 
be used for both applying forces and .sensing velocity, a.s is well known to those skilled in the an. 

The voice coil acniator 240 has several advantages. One is that a linuted angular range is 
15 defined for a particular degree of freedom of object 44 by the length of the magnetic assembly 
246. In many interface devices, such as joysticks, such a limited angular range is desired to limit 
the movement of object 44. Also, the voice coil actuator provides good mechanical advantage due 
to the larger radius of the magnetic assembly 246. Thus, when using voice coil acwators for 
transducers 42, a capstan drive as described above with respect to Figure 5, or friction drive as 
20 described below, are not necessar)-. Also, control of the voice coil acwator is simpler than other 
actuators since output torque is a linear function of input coil current. In addition, since voice coil 
actuators do not require mechanical or electrical commutation as do other types of motors, the 
voice coil acwator has a longer life expectancy, less maintenance, and quiet operation. The 
acnjaiion is frictionless. resulting in greater haptic fidelity. Finally, the pans for voice coil 
2.S actuators are inexpen.sivc to produce and are readily .available, resulting in a low cost way to 
provide reaiistic force feedback. 

Altematively, a linear voice coil can be u.sed to provide forces in and detect motion in a 
linear degree of freedom. A linear voice coil has magnets similar to magnets 248 described 
above, except that they form a linear channel through which a coil head (similar to pendulum head 
30 244) translates. Such a linear voice coil is described with reference to Figures 21a-b and 22a-e 
and can be used, for example, with the translating motion of linear axis member 40 or 204 and/or 
object 44 along axis C. 

Figures 20a-20e arc schematic views of an alternate embodiment 240' of a voice coil 
actuator for use in the present invention. Pendulum head 244' h an alteration of the pendulum 
35 head 244 of Figures 19a and 19b. Coil 260 is positioned around the perimeter of pendulum head 
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244' and includes multiple separate '•sub-coil.s" of wire. Terminals 261 include a set of lenninals 
for each different sub-coil in pendulum head 244'. These different sub-coils are shown in Figures 
20b-20e. 

Figure 20b shows one sub-coil 262 that forms one loop around the perimeter of head 
244'. Figure 20c shows a sub-coil 264 that forms two loops, and Figure 20d shows a sub-coU 
266 that forms four loops. Finally. Figure 20e shows a sub-coil 268 that forms eight loops of 
wire. All of these sub-coils can be provided on pendulum 244" as coil 260. Each sub-coil shown 
in Figures 20b-20e includes its own set of terminals 261 to be connected to a source of current I. 

Using, for example, the four different sub-coils shown in Figures 20b-20e, different 
magnetic fields can be induced for the pendulum head 244' and thus different torques can be 
applied to the pendulum. A fixed current can be selectively provided to each sub-coil using one or 
more switches connected to the sub-coils. Since the magnetic fields from selected sub-coils will 
interact to create larger or smaller magnetic fields, a variety of different torques can be provided. 
There are four different sub-coils, where each sub-coil produces a torque that is a factor of 2 
greater than the previous coil. Thus, a total of 2^ = 16 different torques can be produced with a 
constant-magnitude current in each sub-coil. Since the direction of the current can be switched to 
create torques in the opposite direction, the total number of torques that can be produced is equal 
to 3 1. In other embodiments, a different number of sub-coil.s can be used. Reduced to a general 
nile. a voice coil acniator having N sub-coils, each of which can be driven in one of three states 
(positive polanty. 0, negative polarity) can produce - 1 torque values. 

This .scheme is readily applicable to a digital system using on and off switches. For 
example, each sub-coil can be provided with a set of four switches (commonly referred to as an 
"H-bridge") to select the direction of the current in the sub-coil. An advantage of this alternate 
embodiment is that the current magnitudes need not be varied, allowing for less complex 
electronics and a scheme easily adaptable to digital signals. 

In other embodiments, additional sets of coils can be provided to create additional torque 
values. For example, another set of four sub-coils, identical to the set described above, can be 
added to coil 260 and oriented so that the second .set of sub-coils creates torques in the opposite 
direction to the first set. With additional coils, the number of switches can be reduced. In yet 
other embodiments, the coils can be provided as traces on a printed circuit board for easy 
manufacnire. 

Figure 21a is a perspective view of an interface system 270 in which two linear degrees of 
freedom are provided to user object 44 and linear voice coil acmators :72a and 272b are used to 
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apply forces to the user object. Computer 16 (not shown) is preferably coupled to the vo.ce coil 
actuators to apply current as desired. 

A side sectional view of arj example of a linear voice coil actuator 272a is shown in Figure 
21b. Linear voice coil actuator 272a is a grounded actuator and include a cylindrical magnetic flux 
housing 274a and a coil head 276a. Housing 274a can be made of iron or other ferrous metal and 
includes a radially polarized, tubular magnet 275a (which, alternatively, can he made up of 
multiple, smaller magnets) positioned along the inside length of the housing and which are 
radially magnetized. In addition, a core portion 277a of housing 274a preferably extends down 
the center of housing 274a through the center of coil head 276a. Coil head 276a includes a coil 
278a which is wrapped around the toil head, similar to the coil 256 of Figure 19a. An optional 
coil support 281a can be provided around which to wrap coil 278a. TTie coil head 276a moves 
within the housing 274a along a linear degree of freedom, indicated by arrows 279. when a 
current is flowed through coil 278a. similarly as described above. The direction of the coil head 
276a depends on the direction of the applied current. In addition, the linear voice coil actuator can 
be used to sense the position of coil head 276a along the linear degree of freedom by sensing 
velocit>' as described above with reference to Figure 19a and 19b. Alternately, separate linear 
motion sensors can be coupled to the object 44 or other members; such linear .sensors arc well 
known to those skilled in the art. In other embodiments, the coil head 276a can be made longer 
than the housing 274a. Linear voice coil acmators are well known to those skilled in the art and 
are described in Prf.ri.;inn Machine Design , by Alexander Slocum. Prentice Hall. 1992. page 64. 

Referring back to Figure 21a. coil head 276a is preferably coupled to a first end of a shaft 
282a. and a second end of shaft 282a is coupled to a first end of a joint member 284a. A rotary- 
joint 283a couples shaft 282a to joint member 284a and allows joint member 284a lo rotate about 
Hoating axis Z I- A second end of joim member 284a is rotatably coupled to a second end of joint 
member 284b by a roiar>' joint 286. User object 44 is preferably coupled to joint member 284b 
(or, altematively. 284a). Linear voice coil actuator 272b has equivalent components to actuator 
272a as shown in Figure 21b. Joint member 284'. can thus rotate about floating axis Zz- The 
second end of joint member 284b is rotatably coupled to the second end of joint member 284a by 
rotary joint 286. which provides an a.xi.s of rotation Z3. 

Object 44 can be translated by a user along linear axis X or linear axis Y. or along a 
combination ofthe.se axes. When object 44 is moved along axis X toward or away from housing 
274a, then coil head 276a. shaft 282a,. and joint member 284a are correspondingly moved toward 
or away from housing 274a and retain the same relative position as shown in Figure 21a. 
However, joint member 284b routes about floaung axis Z2 and floating axis Z3 m accordance 
with the movement of joint member 284a. Likewise, when object 44 is moved along axis Y 
toward or away from housing 272b, then coil head 276b. shaft 282b, and joint memter 284b arc 
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correspondingly moved toward or away from housing 272b and retain the relative positions as 
shown in Figure 21a. Joint member 284a rotates about noaiing axes Z\ and 2} in accordance 
with the movement of joint member 284b. When object 44 is nwved simultaneously along both 
axes X and Y (e.g., object 44 is moved diagonally), then both joint members 284a and 284b 
rotate about their respective axes and axis Z3. 

Shafts 282a and 282b and joint members 284a and 284b can be rectilinear members that 
may be rotatably coupled to each other at flat surfaces of the members with rotarv' couplings or 
hinges 283a. 283b, and 286. In the described embodiment, one joint member 284a is coupled 
under shaft 282a and the other joint member 284b is coupled over shaft 282b. Alternatively, the 
shafts and joint members can be coupled together in many different configuratioas. 

Figure 21c is a schematic diagram of an alternate embodiment 270' of the interface system 
270 shown m Figure 21a. In Figure 21c. two linear voice coil actuators 272a and 272b as shown 
in Figure 21a are included to apply forces and sense positions in two linear degrees of freedom to 
object 44. Voice coil actuator 272a includes housing 274a. coil head 276a, and shaft 282a. and 
actuator 272b includes equivalent components. Computer 16 (not shown) is preferably coupled 
to the voice coil acniators to apply current as desired. 

As in Figure 21a. coil heads 276a and 276b translate along linear degrees of freedom, 
indicated by arrows 279, within housings 274a and 274b. respectively. Current can be applied by 
computer 16 to apply force to the coil heads or sense velocity. 

Shaft 2S2a is coupled to a flexible member 288a. Flexible members 2S8a and 2S8b are 
preferably made of a resilient material such as flexible plasiic. rubber, metal, or the like and can 
flex similarly to the flexible members described above with respect to Figure 12. As described 
above, flexible members 288a and 288b are preferably narrow in the dimension that the rod is to 
bend, and wide in the dimensions in which the rod i.s to remain rigid. Shaft 282a is a rigid 
member that couple- member 288a to coil head 276a. and can be provided with different lengths 
in different embodiments. Flexible member 288a is rigidly coupled to an object member 289 al 
the other end of the flexible member. Member 289 can be a pan of object 44 or a platform or 
other base for suppcning object 44. Shaft 282b in coupled to object 44 through flexible member 
288b in a similar manner. Flexible member 288b is coupled to object member 289 at its other 
end. 

Object 44 can be moved by a user along linear axis X or linear axis Y. Flexible members 
288a and 288b flex (bend) appropriately as the object is moved. For example, if object 44 and 
member 289 are moved along axis X, flexible member 28Sa does not bend since the direction of 
movement is directed down (substantially parallel to) the longitudinal axis of flexible member 
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'>88a However, since housing 274b .s grounded and fixed in place relative to object 44. flexible 
member 288a bends toward or away from acmator 272a (depending on the object's d.rccuon 
along axis X) to allow the translation of object 44. This occurs when the direction of movement 
of object 44 is subsuntially perpendicular to the longitudinal axis of flexible member 288a. 
Ukewise when object 44 is translated along axis Y in the other linear degree of freedom, flexible 
member 288b does not flex since the direction of movement is directed substantially parallel to 
the longimdinal axis of flexible member 288b. Flexible member 288a. however, bends toward or 
away from actuator 272b to allow the translation of object 44. When object 44 is moved 
simultaneously along both axes X and Y (e.g.. object 44 is moved diagonally), then both flexible 
members 288a and 288b flex in conjunction with the movement. It should be noted that ihe 
flexible members 288a and 288b do not need to twist (i.e. provide torsion flex) like the flexible 
members of Figure 12. Only a bending motion is required of members 288a and 288b in the 
embodiment of Figure 21c. 

Figure 22a is a top plan view and Figure 22b is a side elcvational view of an interface 
apparatus 300 including voice coil actuators similar to those described above with reference to 
Figures 18. 19a, and 19b. Interface apparatus 300 includes user object 44. a ball joint 302, a 
socket 304, a drive pin 306, a circuit board 308, and voice coil actuators 310a and 3.10b. User 
object 44 is shown as a joystick that is coupled to ball joint 302. U.ser object 44 has two rotary 
degrees of freedom about axis X and axis Y. respectively, as indicated by arrows 312 and 314. 
These degrees of freedom result from ball joint 302 rotating within socket 304. Socket 304 i.s 
grounded and remains stationary- relative lo user object 44, ball joint 302. and the other moving 
components of apparatus 300 Ball socket 302 is shown as a panial sphere with a portion oi the 
sphere cut off. Other similar types of joints can be used in other embodiments. 

Drive pin 306 is coupled to ball joint 302 and extends along an axis Z out of the plane 
defined by axes X and Y. Drive pin 306 extends through an aperture 3 16 in a circuit board 308. 
Preferablv. a grommct 322 made of rubber or a similar compliant material is positioned between 
the drive pin 306 and the circuit board 308. Alternatively, open space can be provided between he 
pin and the board. Circuit board 308 is positioned in a plane substantially parallel to the X-Y 
plane and floats, i.e., circuit board 308 is not grounded. Board 308 is preferably guided by guides 
318. which serve to keep circuit board 308 substantially within the plane parallel to the X-Y plane 
and allow the circuit board to translate in that plane, as .shown by arrows 320. Guides 318 arc 
shown as round, cylindrical members, but have a variety of shapes in alternate embodiments. In 
this embodimen:, circuit board 308 translates in linear degrees of freedom, while user object 44 
rotates in rotary degrees of freedom. 

Circuit board 308 is provided in a substantially right-angle orientation having one extended 
ponion 324 at 90 degrees from the other extended portion 324b. In alternate embodiments, circuit 
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board 308 can be provided as other shapes. Voice coil actuators 3 1 Oa and 310b are positioned on 
circuit board 308 such that one actuator 310a is provided on portion 324a and the other actuator is 
provided on portion 324b. Wire coil 326a of actuator 310a is coupled to portion 324a of circuit 
board 308. Preferably, wire coil 324a includes at least two loops and is etched onto board 308 as 
5 a printed circuit board trace using well-known techniques. Terminals 328a are coupled to actuator 
drivers of actuator interface 414, as described below, so that computer 16 (or microprocessor 
410) can control the direction and/or magnitude of the current in wire coil 326a. In aliemaie 
embodiments, additional coils can be provided on portion 324a for sensing velocit\' and/or 
implementing the alternate embodiment of Figures 20a-20c. 

10 Voice coii actuator 3 10a also includes a magnet assembly 330a, which preferably includes 

four magnets 332 and is grounded. Alternatively, two magnets with two polarities each can be 
included. Each magnet has a north polarity N and a south polarity S on opposing sides of the 
magnet. Opposite polarities of magnets 332 face each other such that coil 326a is positioned 
between opposing polarities on either side of the coil. The magnetic fields from magnets 332 

15 interact with the magnetic field produced from wire coil 326a when current is flowed in coil 326a 
similarly as described above with reference to Figures 19a and 19b to produce a linear force to 
circuit board 308 in a direction parallel to axis Y. as shown by arrow 320a. The circuit board 308 
and wire coil 326a aie moved parallel to axis Y until coil 326a is moved out from under the 
magnet 332 on the side where the coil was moved. For example, circuit board 308 can be moved 

20 to the limits shown by doited lines 334. Alternatively, physical stops can be positioned at the 
edges of the board 308 to provide this movemen: limit. When circuit board 308 iranslaie.s along 
axis Y due to forces generated by voice coi! actuator 310a, dnve pin 306 is also moved through 
contact with board 308 (and grommet 322). This, in turn, rotates ball joint 302 within socket 304 
and moves user object 44 so thai the user feels the forces in the rotar>' degree of freedom about 

25 axis X, as shown by arrows 312. The movement of user object 44 can be limited by stops 
positioned outside the edge of circuit board 308 and/or by stops placed on ball joint 302 to limit 
the movement of object 44. 

Voice coil actuator 310a can also be used, as described in above embodiments, to sense 
the velocity of circuit board 308 along axis Y as the user moves user object 44 about axis X and 

30 to derive position and other values from that velocity. However, since the voice coil actuators 
produce analog sensor values, subject to noise, and the filtering of such noise typically requires 
expensive components, it is preferred that separate digital sensors be used to sense the position, 
motion, etc. of object 44 for low cost interface devices. For example, a lateral effect photo diode 
sensor 338 can be used. Sensor 338 can include a rectangular detector 340 positioned in a plane 

35 parallel to the X-Y plane onto which a beam of energy 342 is emitted from a grounded eminer 
344. The position of the circuit board 308, and thus the position of object 44, can be determined 
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by the location of the beam 342 on the detector. Alternatively, other types of sensors can be used, 
such as an optical encoder having a rotating shaft coupled to a roller that is frictionally engaged 
with circuit board 308. 

Voice coil actuator 310b operates similarly to actuator 3 10a. A current is flowed through 
5 coil 326b to induce magnetic forces that translate circuit board 308 in a direction parallel to axis X. 
as shown by arrow 320b. This moves drive pin 306 and causes forces to be applied to user object 
44 in the rotar>' degree of freedom aboui axis Y, as shown by arrows 3 14. A separate sensor can 
also be provided for the motion of object 44 about axis Y, or a single sensor 338 can be used to 
detect motion in both degrees of freedom. 

10 Optionally, an anti-rotation flexure 336 can be coupled between a grounded surface and 

circuit board 308. This flexure 336 preferably prevents board 308 from roiaung about axis Z in 
the plane parallel to the X-Y plane. In addition, flexure 336 can provide a restoring force through 
circuit board 308 to object 44 to bring the object back to a center position as shown in Figure 22b 
when no other forces are being applied to the object. Flexure 336 can be a helical spring-like 

15 member (as shown), an Oldham style shaft coupling (allowing slotted movement), or a flexure 
assembly similar to the one shown in Figure 22c. The fiexure can take other forms in other 
embodiments. 

The embodiment of Figures 22a and 22b has several advantages. One is that the coils 
326a and 326b can be etched directly onto circuit board 308. thus avoiding assembly lime in 
20 wrapping a separate wire. In addition, the preferred voice coil driver chips (described with 
reference to Figure 24). as well as other electronic components of interface 14 or 14'. can be 
coupled directly to circuit board 308 and interconnected with traces on board 308. This provides a 
simple and low cost method to manufacnire and provide the electronic components of the 
interface apparatus. 

25 Figure 22c is a top plan view of an alternate embodiment of the interface apparatus 300 

shown in Figure 22a. in which a different anti-rotation flexure 336' is u.sed instead of the helical 
flexure 336 shown in Figure 22b. Anti-rotation flexure 336* includes flexible members 354 
oriented in the direction of axis X, flexible members 356 oriented in the direction of axis Y, and a 
rigid L-shaped member 358. Members 354 are coupled to circuit board 308 on one end and to L- 

30 shaped member 358 on the other end. Members 356 are coupled to L-shaped member 358 on 
one end and to ground on the other end. Members 354 arid 356 can be narrow in one dimension 
and relatively wide in the other dimensions, similar.to flexible members 212a and 2 12b shown in 
Figure 12, .so that the members can bend within the X-Y plane. 
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The nexure 336' allows the circuit board 308 to move along the axes X and Y. but 
prevents the circuit board 308 from rotating within the X-Y piano. Flexure 336" is rnore complex 
to implement than the helical flexure 336. but provides less resistance to the circuit board s motion 
along the X and Y axes and thus allows more accurate force feedback. 

5 Figures 22d and 22e show an alternate embodiment 300' of the interface apparatus 300 

shown in Figures 22a and 22b. Interface apparatus 300" provides two linear degrees of freedom 
to object 44 so that the user can translate object 44 along the X axis, along the Y axis, or along 
both axes (diagonal movement). Apparatus 300' includes a ciiruit board 308 that includes voice 
coil acmaiors 310a and SlOb and guides 318. These components operate substantially similar to 

10 the equivalent components in apparatus 300. 

A main difference between the embodiments of Figures 22a-b and Figures 22d-e is that 
object 44 is ngidly coupled to circuit board 308. Thus, when circuit board 308 is translated along 
axis X and/or axis Y. shown by arrows 320a and 320b. object 44 is translated in the same 
directions, as shown by arrows 350 and 352. respectively, providing the object with linear degrees 
15 of freedom. Thus, both user object 44 and circuit board 308 move in linear degrees of freedom. 
This is unlike the apparatus 300. in which the linear motion of circuit board 308 was converted 
into rotary degrees of freedom for object 44 by ball joint 302. 

Figure 23a is a front elevational view of an embodiment for a friction dnve 360 that can be 
used, for example, in piacc of capstan drive mechanism 58 of the present invention. Drum 162 is 
20 similar to capstan dnim 59 and can be coupled to mechanical apparatus 25 or 200 similarly as 
described above. For example, dmm 362 can be rigidly coupled to extension member 48a or 48b 
and can rotate about can be axis A or axis B, respectively. Axis A is shown in Figure 23a as an 
example. 

Leg portions 364 of drum 362 arc provided in a similar coni'iguraiion as capstan drum 59. 

25 A drive bai.366 is coupled between the leg portions 364. Drive bar 366 i,< a curved, preferably 
round, rigid wire that has an interior frictional surface 370 and an exterior fnciional surface 372 
Alternatively, drive bar can be a flat or square-cross .<;ectional member and/or can be cither rigid or 
flexible. A drive roller 374 is friciionally engaged with the external frictional surface 372 and is 
rotatably coupled to a ground member. For example, drive roller 374 can be coupled to ground 

30 member 62 of apparatus 25 similarly to pully 76 as shown in Figure 5. Drive roller 374 is 
preferably coupled to a shaft of a transducer 42. similarly to puliey 76 of Figure 5. Preferably, 
transducer 42 includes an actuator that rotates driver roller 374. 

A passive roller 376 is friciionally engaged with the interior frictional surface 370 of drive 
bar 366 opposite to drive roller 374 and extends substantially parallel to the drive roller. Passive 
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roller 376 is preferably spring loaded such that the passive roller is forced towards driver roller 
374. This force is indicated by spring 378. For example, spring members can couple the passive 
roller to driver roller 374. A clamping force is thus created between the passive roller 376 and the 
drive roller 374. which creates a high compressive force between the drive bar 366 and the drive 

5 roller 374. This force enables the drive roller to impart a tangential driving force to the drive bar 
366 and thus move the drive bar. in turn rotating drum 362 about axis A. Using the friction drive 
360, an actuator in transducer 42 can impart rotary forces to drum 362 and. for example, 
extension member 48a or 48b. In addition, a sensor in transducer 42 can sense the position of an 
extension member 48a or 48b by reading the position of drum 60. The motion of drum 60 is 

10 transmitted to drive roller 374 through the compressive force, and is read by the sensor as the 
drive roller rotates. 

In alternate embodiments, passive roller 376 can be rotatably coupled to ground member 
62 and thus I'lxed in position. In addition, the spring members can be placed between a moveable 
or compliant passive roller and ground and between a movcable/compliant drive roller 374 and 
15 ground in an alternate embodiment. This would allow the passive roller and the drive roller lo 
both be pulled against the drive bar 366. 

The friction dnve 360 has several advantages. A mechanical advantage is provided 
between an actuator and the rotation of objeci 44, as explained above for capstan drive mechanism 
58. In addition, as explained above for the capstan drive, substantially no backlash is created with 

20 tlie friction drive and the friction drive operates very smoothly to provide realistic forces to the 
user. However, no cable or wire is required in the present drive mechanism, thus providing a 
simpler and ea-sier to a.ssemble drive mechanism than the capstan drive. Tlie friction drive is al.so 
inexpensive, since the parts of the drive are simple to manufacmrc. Also, high speed-reduction 
ratios between the actuator coupled to drive roller 374 and the motion of dmm 362 about axis A 

25 are possible when, for example, a small drive roller 374 drives a drive bar 366 having a large 
operating radius. 

Figure 23b is a detailed view (defined by dotted line 368 of Figure 23a) of a different 
embodiment of the rollers and drive bar of the friction dnve 360. In this embodiment, two 
passive rollers 376a and 376b are provided to be frictionally engaged with the interior surface 370 
30 of drive bar 366. Each passive roller 376a and 376b is spring loaded to drive roller 374 by spring 
members 378a and 378b. respectively. The two passive rollers 376a and 376b provide a greater 
clamping force and compressive force between the drive and passive rollers, thus preventing 
more slip of drive bar 366 than the embodiment of Figure 23a. 

Figure 23c is a detailed view of a third embodiment of the rollers and drive bar of the 
35 friction drive 360. Drive bar 366 is preferably round or square wire that is flexible in at least one 
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direction. Two passive rollers 376a and 376b can be coupled together and to drive roller 374 by 
non-tensile connections 380. The flexibility m drive bar 366 allows the drive bar to bend around 
the rollers and creates a higher friction, thus preventing slippage of the drive bar. 

Figure 23d is a detailed view of a founh embodiment of the rollers and driver bar which is 
similar to the embodiment shown in Figure 23b except that one of the passive rollers 376a and 
376b is not spring loaded. Preferably, passive roller 376a (or 376b) is coupled to drive roller 374 
by a rotatable plate 382 or other rigid member, which acts as the non-compliant connection 380. 
Since the spring 378 forces the drive roller 374 toward drive bar 366. the plate 382 rotates as 
shown by arrows 384. This forces the passive roller 376a against drive bar 366 and thus 
increases the compression force between the rollers and the drive bar 366. 

Figure 23e is an alternate embodiment of the friction drive 360 in which the rollers 376a. 
376b. and 374 are provided in a different orientation. The rollers are positioned 90 degrees offset 
from'their position in the embodiment of Figure 23a. The function of the rollers is substantially 
the same as described above. 

Figure 23f is an alternative embodiment showing a linear friction drive 360'. Friction 
drive 360 includes a sliding member 388 which is supported by guides 390. Guides 390 are 
preferably grounded so that sliding member 388 can translate between the guides, as shown by 
arrows 386. A drive bar 366 is coupled between two leg portions 392 of the sliding member 388. 
Drive bar 366 can be a wire or member as described above with respect to Figure 23a. 

Passive roller 376 and drive roller 374 are frictionally engaged with dnvc bar 366. As 
described above, drive roller 374 is rotated by an acniator and causes a tangential force on dnve 
bar 366. This causes sliding member 388 to translate in cither direction 386. A spring 378 can be 
coupled between the passive and dnve rollers as described above. Alternatively, the other 
embodiments of rollers 374 and 376 as described with reference to Figures 23b-23e can also be 
used with linear friction dnvc 360\ Linear faction dnve 360 can be used to provide forces m a 
linear degree of freedom. For example, linear forces can be applied to linear axis member 40 or 
204 (or object 44. if appropriate) using drive 360. The linear axis member , can be coupled to 
sliding member 388 and thus translate when member 388 translates. 

Figure 24 is a block diagram showing another embodiment of an electronic interface 14' 
and host computer 16 suitable for use with the present invention. This embodiment includes a 
local microprocessor which can perform much of the signal processing necessar>' to control the 
sensors and aauators of the mechanical apparatus 25. User object 44 may be grasped or 
otherwise contacted or controlled by a user and is coupled to mechanical apparatus 25. as 
described above. 
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Host computer 1 6 preferably includes a host microprocessor 400, a clock 402, and display 
screen 20 Host microprocessor 400 can include a variety of available microprocessors from 
Intel Motorola, or other manufacturers. Microprocessor 400 can be single microprocessor chip, 
or can include multiple primary and/or co-processors. In addition, host computer 16 preterably 

5 includes standard components such as random access memory (RAM), read-only memory 
(ROM), and input/output (^O) electronics (not shown). In the described cmbodimcni. host 
computer svsicm 16 can receive sensor data or a sensor signal via interface 404 from sensors of 
mechanical' apparatus 25 and other information. Host computer 16 can also output a ■ force 
command" to mechanical apparatus 25 via interface 404 to cause force feedback for the interface 

10 device. 

Clock 402 is a standard clock crystal or equivalent component used by host computer 16 
to provide timing to eiectncal signals used by microprocessor 400 and other components of the 
computer. Clock 402 can be accessed by host computer 16 in the control process of the present 
invention, as described subsequently. 

Display screen 20 is described u^ith reference to Figure 1. Audio output device 406, such 
as speakers, is preferably coupled to host microprocessor 400 via amplifiers, niters, and other 
circuitry well known to those skilled in the art. Host processor outputs signals to speakers 406 to 
provide sound output to the user when a "audio event" occurs during the implemenialion of the 
host application program. Other types of peripherals can also be coupled to host processor 400. 
such as .storage devices (hard disk drive, CD ROM drive, floppy disk drive, etc.). printers, and 
other input and output devices. 

Electronic interface 14' is coupled to host computer 16 by a bi-directional bus 404. The 
bi-directional bu.s sends signals in either direction between host computer 16 and interface 14'. 
Herein, the term "bus" is intended to generically refer to an interface such as between host 
computer 16 and microprocessor 410 which typically includes one or more connecting wires or 
other connections and that can be --nplcmcntcd in a variety of ways, as described below. In the 
preferred embodiment, bus 404 is a serial interface bus providing data according to a serial 
communication protocol. An interface port of host computer 16. such as an RS232 serial 
interface port, connects bus 404 to host computer 16. Other standard serial communication 
protocols can also be used in the serial interface and bus 404. such as RS-422. Universal Serial 
Bus (USB). MIDI, IrDA. or other protocols well known to those skilled in the art. For example,. 
USB provides a relatively high speed serial interface that can provide force feedback signals in the 
present invention with a high degree of realism. 

An advantage of the present embodiment 14' is tha low-bandwidth serial communication 
signals can be used to interface with mechanical apparatus 25, thus allowing a standard built-in 
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serial interface of many computers to be used directly. Alternatively, a pardllel port of host 
computer 16 can be coupled to a parallel bus 404 and communicate with interface device using a 
parallel protocol, such as SCSI or PC Parallel Printer Bus. In a different embodiment, as 
described with reference to Figure 9, bus 404 can be connected directly to a data bus of host 

5 computer 16 using, for example, a plug-in card and slot or other access of computer 16. For 
example, on an IBM AT compatible computer, the interface card can be implemented as an ISA. 
EISA, VESA local bus, PCI, or other well-known standard interface card which plugs into the 
motherboard of the computer and provides input and output ports connected to the main data bus 
of the computer. In addition, the embodiment of Figure 9 can be used with the local 

10 microprocessor of the present embodiment. 

In yet another embodiment, an additional bus 405 can be included to communicate 
between host computer 16 and electronic interface 14*. Since the speed requiremeni for 
communication signals is relatively high for outputting force feedback signals, the single serial 
interface used with bus 404 may not provide signals to and from the interface device at a high 

15 enough rate to achieve realistic force feedback. In such an embodiment, bus 404 can be coupled 
to the standard serial port of host computer 16. while additional bus 405 can be coupled to a 
second pon of the host computer. For example, many computer systems include a "game port" 
in addition to a serial RS-232 port to connect a joystick or similar game controller to the 
computer. The two buses 404 and 405 can be used simultaneously to provide an increased data 

20 bandwidth. For example, microprocessor 410 can send sensor signals to host computer 16 via a 
uni-directional bus 405 and a game port, while host computer 16 can output force feedback 
signals from a serial port to microprocessor 410 via uni-dircciional bus 404. Other combinations 
of data flow configurations can be implemented in other embodiments. 

Electronic interlace 14' includes a local microprocessor 410, sensors 12S. actuators 126, 
25 optional sensor inierf"ace 130. an optional acruaior interface 412. and other optional input devices 
414. Interface 14' may also include additionaJ electronic components for communicating via 
standard protocols on bus 404. In the preferred embodiment, multiple mechanical apparatuses 25 
and interfaces 14' can be coupled to a single host computer 16 through bus 404 (or multiple buses 
404) so that multiple users can simultaneously interface with the host application program (in a 
30 multi-player game or simulation, for example). In addition, multiple players can interact in the 
host application program with multiple mechanical apparatuses 25/interfaces 14' using networked 
host compiiters 16. as is well known to those .skilled in the an. 

Local microprocessor 410 is coupled to bus 404 and is preferably included within the 
housing of interface 14" (and mechanical interface apparatus 25) to allow quick communication 
35 with other components of the interface device. Proces.sor 410 is considered "locar' to mechanical 
apparatus 25 and interface 14'. where "local" herein refers to processor 410 being a separate 
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microprocessor from any processors in hosi computer 16. "Local" also preferably refers to 
processor 4 10 being dedicated to force feedback and sensor VO of mechanical apparatus 25, and 
being closelv coupled to sensors 128 and actuators 126. such as within or coupled closely to the 
housing for'thc mechanical apparatus 25. Microprocessor 410 can be provided uUh .software 
instmciions to wail for commands or requests from computer 16, decode the command or 
request, and handle/control input and output signals according to the command or request. In 
addition, processor 410 preferably operates independent of host computer 16 by reading sensor 
signals and calculating appropriate forces from those sensor signals, time signals, and a 
subroutine or "tcflex process" selected in accordance with a host command. Suitable 
microprocessors for use as local microprocessor 410 include the MC68HC71 1E9 by Motorola 
and the PIC16C74 by Microchip, for example. Microprocessor 410 can include one 
microprocessor chip, or multiple processors and/or co-processor chips. In other embodiments, 
microprocessor 410 can includes a digital signal processor (DSP) chip. Local memory 411. such 
as RAM and/or ROM, is preferably coupled to microprocessor 410 in interface 14' to store 
instructions for microprocessor 4 10 and store temporary' data. In addition, a local clock 413 can 
be coupled to the microprocessor to provide absolute timing information, similar to system clock 
402 of host computer 16; the timing information might be required, for example, to compute 
forces output by actuators 126 (e.g., forces dependent on calculated velocities or other time 
dependent factors). Microprocessor 410 can receive signals from sensors 128 and provide 
signals to actuators 126 of the interface 14' in accordance with instructions provided by host 
computer 1 6 over bus 404. 

For example, in one embodiment, host computer 16 can provide low-lcvcl force 
commands over bus 404, which microproces.sor 410 directly provides to actuators 126. In a 
different embodiment, host computer 16 can provide high level supervisor) command.s to 
microprocessor 410 over bus 404. and microprocessor 410 manages low level force control 
("reflex") loops to sensors 128 and acmators 126 in accordance with the high level commarids. 
Host computer 16 can send host commands to the microprocessor to select a type of force for the 
microprocessor to independently implement in a reflex loop. Microprocessor 410 can continually 
read data from sensors 128 for the position and motion of object 44 and compute forces on the 
object according to the sensor data, timing data from clock 413. and/or subroutines or reflex 
processes selected in accordance with the host commands. The processor then outputs a 
processor command to an actuator to apply the computed force. Such a process is described in 
greater detail in co-pending patent application serial no. 08/534.791 . assigned to the same assignee 
as the present application and incorporated by reference herein. 

Microprocessor 410 can also receive commands from any other input devices 412 
included on mechanical apparatus 25 or interface 14' and provides appropriate signals to host 
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computer 16 to indicate that the input information has been received and any information included 
in the input information. For example, buttons, switches, dials, or other input controls associated 
with apparatus 25 14 can provide signals to microprocessor 410 

In the preferred embodiment, interface 14' is included in a housing to which mechanical 
apparatus 25 and user object 44 is directly or indirectly coupled. Alternatively, microprocessor 
410 and/or other electronic components of interface device 14' can be provided in a separate 
housing from user object 44. apparatus 25. sensors 128, and actuators 126. 

Sensors 128 sense the position, motion, and/or other characteristics of user object 44 of 
the mechanical apparatus 25 along one or more degrees of freedom and provide signals to 
microprocessor 410 including information representative of those characteristics. Examples of 
embodiments of user objects and movement within provided degrees of freedom are described 
above with respect to Figures 2-8. Typically, a sensor 128 is provided for each degree of freedom 
along which object 44 can be moved. Alternatively, a single compound sensor can be used to 
sense position or movement in multiple degrees of freedom. Examples of sensors suitable for 
several embodiments described herein, such as digital optical rotary encoders, are described 
above. Linear optical encoders may similarly sense the change in position of object 44 along a 
linear degree of freedom. 

Sensors 128 provide an electrical signal to an optional sensor interface 130. which can be 
used to convert sensor signals to signals that are provided to and can be interpreted by the 
microprocessor 410and/or host computer 16. Alternately, microprocessor 4 1 0 can perform these 
sensor interface functions without the need for a separate sensor interface 1 30. The sensor signals 
can be processed by microprocessor 410 and may also be sent to host computer 16 which updates 
the host application program and sends force control signals as appropnate. Other interface 
mechanisms can also be used to provide an appropriate signal lo host computer 1 6. In alternate 
embodiments, sensor signals from sensors 128 can be provided directly to host computer 16, 
bypassing microprocessor 410. Also, sensor interface 130 ca- be included within host computer 
1 6, such as on an interface board or card. Alternatively, as described above, an analog sensor can 
be used instead of digital sensor for all or some of the sensors 1 28. 

Other types of interface circuitry 36 can also be used. For example, an electronic interface 
is described in abovemeniicned parent patent application Serial No. 08/092,974. The electronic 
interface described therein has six channels corresponding to the six degrees of freedom of a 
stylus. The interface allows the position of the mouse or stylus to be tracked and provides force 
feedback to the mouse using sensors and actuators. Sensor interface 130 can include angle 
determining chips to pre-process angle signals reads from .sensors 128 before sending them to the 
microprocessor 410. For example, a daD bus plu.s chip-enable lines allow any of the angle 
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dctcnnining chips lo communicate with the microprocessor. A configuration without angle- 
determining chips is most applicable in an embodiment having absolute sensors, which have 
output signals directly indicating the angles without any further processing, thereby requiring less 
computation for the microprocessor 410 and thus linlc if any pre-processing. If the sensors 128 
are relative sensors, which indicate only the change in an angle and which require further 
processing for complete determination of the angle, then angle-determining chips arc more 
appropriate. 

In either configuration, if the microprocessor 410 is fast enough, it can compute object 44 
position and/or orientation (or motion, if desired) on board the embodiment and send this final 
data through any standard communications interface such as bus 404 on to the host computer 16 
and to display screen 20. If the microprocessor 410 is not fast enough, then the angles can be sent 
to the host computer 16 which can perform the calculations on its own. 

Other variations may consist of microprocessor 410 which reads other input devices 412. 
obtains angles, possibly computes coordinates and orientation of the object 44. and supervises 
communication with the host computer 16. Another variation may consist of dedicated 
subcircuits and specialized or off-the-shelf chips which read the other input devices, monitor the 
sensors 128. determine angles, and handle communications with the host computer 16. all 
without software or a microprocessor 410. 

Actuators 126 transmit forces to user object 44 of mechanical apparatus 25 in one or more 
directions along one or more degrees of freedom in response to signals received from 
microprocessor 410. Typically, an acmator 126 is provided for each degree of freedom along 
which forces are desired to be transmitted. As explained above, actuators 126 can include active 
actuators and/or passive actuators. 

Actuator interface 414 can be optionally connected between acniators 126 and 
microprocessor 410. Interface 414 converts signals from microprocessor 410 into signals 
appropriate to drive actuators 126. Interface 414 can include power amplifiers, switches, digital to 
analog controllers (DACs). and other components. An example of an actuator interface for active 
actuators is described above with reference to Figures 9. 10 and 1 1. In alternate embodiments, 
interface 414 circuitry can be provided within microprocessor 410 or in actuators 126. 

If one or more voice coils 240 are being used as actuators 126 to apply forces to object 44, 
as shown in Figure 18. then microprocessor 410 and/or host computer 16 can command specific 
current magnitude and direction to the voice coil(s) 240 to apply desired forces to object 44. This 
is preferably accomplished using voice coil driver chips that can be provided in acniator interface 
414. These chips t>pically include a self-contained transconductancc amplifier, with a current 
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control feedback loop, to output current to the voice coil actuator. A preferred vo.ce coil dnvcr 
chip includes a switchable transconductance gain circuit that allows the user to choo.se between 
two different voliage-to-current gains. When smaller, more fine forces are to be output, the gam 
can be switched from a high gain to a low gain, thus decreasing the current step size. Th.s 
iricreases the resolution of the DAC used to drive the voice coil driver. With a greater resolution, 
the DAC can more fmely and accurately control the forces felt by the user. This fine control, 
however provides a smaller range of possible forces that can be output. Thus, when a larger 
range of forces is desired, the gain can be switched back to the larger gain. The gam sw.tchmg 
can be :mplemented using a control line from the microproce.ssor 410 or computer 16 to the vo.ce 
coil driver chip. Suitable voice coil driver chips include the Silicones 519961 (with gain control), 
the Allegro 8932-A (with gain control), the Allegro 8958 (no gain control), and the L'nurode 
UC3176 tnogain control). The operation and implementation of these drivers is well known to 
those skilled in the art. In addition, such voice coil driver chips can be advanugeously used w.th 
actuators other than voice coil actuators. For example, a servo motor can be provided w.th current 
and switchable gains from a voice coil dnver chip that is inexpensive and convemently 
implemenied. 

Other input devices 412 can optionally be mcluded in the housing for mechanical 
apparams 25 and send input s.gnals to microprocessor 410. Such input devices can .nclude 
buttons dials, switches, or other mechan.sms. For example, in embodiments where user object 
44 is a joystick (as in Figure 8). other input devices can include one or more buttons provided, for 
example, on the jovsiick handle or base and used to supplement the input from the user to a game 
or simulation. The operation of such input devices is well known to those, skilled .n the art. 

Power supply416can optionally be coupled to actuator .nterface414 and/or acruators 126 
to provide elearical power. .Active actuators typically require a separate power source to be 
driven. Power supply 416 can be included withm the housing of mechanical apparatus 23. or can 
be provided as a separate component, for example, connected by an electncal power cord. 

Safety switch 418 is preferably included in interface device to provide a mechanism to 
allow a user to override and deactivate actuators 126. or require a user to activate actuators 126. 
for safety reasons. Certain types of actuators, especially active acmators such as motors, can pose 
a safety issue for the user if the actuators unexpectedly move user object 44 against the user w,th a 
strong force. In addition, if a failure in the interface system occurs, the u.ser may desire to qu.ckly 
deactivate the actuators to avoid any injury. To provide th.s option, safety switch 4 1 8 is coupled 
to actuators 126. Safety switch 418 can be implemented such that the user must always hold or 
close the switch, so thai if the user lets go, power to the actuators is cut off. 
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While this invention has been described in terms of several preferred embodiments, it is 
conte«plated that alterations, modifications and permutations thereof will become apparent to 
those skilled in the an upon a reading of the specification and smdy of the drawings. For 
example, the linked members of apparatus 25 can take a number of actual physical sizes and 
forms while maintaining the disclosed linkage structure. In addition, other gimbal mechanisms 
can also be provided with a linear axis member 40 to provide three degrees of freedom. 
Likewise, other types of gimbal mechanisms or different mechanisms providing multiple degrees 
of freedom can be used with the capstan drive mechanisms disclosed herein to reduce inertia, 
friction, and backlash in a system. A variety of devices can also be used to sense the position of 
an object in the provided degrees of freedom and to drive the object along those degrees of 
freedom. In addition, the sensor and acmator used in the transducer system having desired play 
can take a variety of forms. Similarly, other lypcs of couplings can be used to provide the desired 
play between the object and actuator. Furthermore, certain tcmiinology has been used for the 
purposes of descriptive clarity, and not to limit the present invention. It is therefore intended that 
the following appended claims include all such alterations, modifications and pennutations as fall 
within the true spirit and scope of the present invention. 

What is claimed is: 
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I. An interface apparatus for interfacing motion of a user manipuiable object with an 
electrical sysicm. said interface apparatus comprising: 

a user object being physically contacted by a user; 

a gimbal mechanism coupled to said user object and providing at least two degrees of 
freedom to said user object, said gimbal mechanism including a plurality of members, wherem a 
selected number of said plurality of members are formed as a unitar>' member in wn.ch Hex .s 
provided between said selected number of members; 

.n acmator coupled to said gimbal mechanism for applying a force along a degree of 
freedom to said user object through said unitar>' member, wherein said acmator applies sa.d force ■ 
,n response to electrical signals produced by said electrical system; and 

a sensor for detecting a position of said user object along said degree of freedom and 
outputting sensor signals to said electrical system; 

whereby said actuator and said sensor provide an electromechanical interface between said 
user object and said electrical system. 

An apparatus as recited in claim 1 wherein said gimbal mechanism provides at least 
two revolute degrees of freedom to said user object, each revolute degree of freedom bemg about 
an axis of rotation. 

3. An apparatus as recited in claim 1 wherein said gimbal mechanism provides at least 
two linear degrees of freedom, each linear degree of freedom being along a linear axis. 

4. An apparatus as recited in claim I wher in said plurality of members of said gimbal 
mechanism are formed as a closed-loop linkage. 

5 An apparatus as recited in claim 4 wherein said closed loop linkage includes four 
members, wherein said four members of said closed-loop linkage are flexibly coupled to each 
Other as segments of said unitar>' member. 

6. An apparatus as recited in claim 4 wherein said closed loop linkage includes: 

a ground member coupled to a ground surface; 
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first and second extension members, each extension member being coupled to said 
ground member; and 

first and second central members, said first central member having an end coupled to said 
first extension member and said second central member havmg an end coupled to said second 
extension member, wherein said central memberri are coupled lo each other at ends not coupled to 
said extension members and wherein said central members are coupled to said user object. 

7. An apparatus as recited in claim 6 wherein said central members arc coupled to an 
object member which is coupled to said user object. 

8. An apparatus as recited in claim 6 wherein said firsi and second central members are 
flexible and wherem said first and second central members and said first and second extension 
members are ficxibly coupled to each other and form said unitary member. 

9. An apparatus as recited in claim 8 wherein said ground member is rotatably coupled to 
said first and second extension members by bearings. 

10. An apparatus as recited in claim 4 wherein at least one of said members Oexibly 
coupled in said unitary member is relatively narrow in a dimension in which said member is 
desired to ficx, and is relatively wide in other dimensions in which said member is desired to be 
stiff. 

1 1 . An apparatus as recited in claim 7 wherein said first and second central members arc 
flexibly coupled to an object member that is coupled to said object, wherein said object member 
can rotate in a third degree of freedom about an a.xis extending approximaieiy through tlie 
intersection of said two axes of rotation, said rotation in said third degree of freedom being 
allowed by fiexibility of said central members. 

12. An apparatus as recited in claim 1 1 wherein said actuator is a first actuator coupled to 
a ground member, and further comprising a second actuator coupled to a ground member of said 
gimbal mechanism, said second actuator being operative to apply a force in a degree of freedom 
to said user object in response to signals received from said electrical system. 

13. An apparatus as recited in claim 12 further comprising a third actuator coupled to said 
object for applying a force to said user object in said third degree of fiecdom. .said third actuator 
being coupled to said ground member and being coupled to said object by a torsion resistant 
flexure. 

14. An apparatus as recited in claim 6 wherein said end of said first central member is 
rotatably coupled to said first extension member by. a bearing, wherein said end of said second 
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central member isroiaiably coupled lo said second extension member by a bearing, and wherein 
said central members are flexibly coupled to said user object. 

15. An apparatus as recited in claim 12 wherein said central members are flexibly coupled 
to an object member which is coupled to said user object. 

16. An apparatus as recited in claim 4 wherein said end of said first central member is 
flexibly coupled to said first extension member, said end of said second central member is 
flexibly coupled to said second extension member, and said central members are roiatably 
coupled to said user object by a bearing. 

17. An apparatus as recited in claim 4 further comprising a third central member flexibly 
coupled between one of said extension members and said user object. 

18. An apparatus as recited in claim 4 wherein said two degrees of freedom are rotary 
degrees of freedom, each degree of freedom being about an axis of rotation, and wherein said two 
axes of rotation arc fixed with respect to said ground member, said first and .second extension 
members being rotatable about said fixed axes of rotation, and wherein said central members are 
rotatable about first and second fioaiing axes, said fioating axes being movable with respect to 
said ground member. 

19. An apparatus as recited in claim 1 wherein said user object is a joystick handle, 

20. An apparatus as recited in claim 2 funher comprising a linear axis member coupled to 
said gimbal mechanism and being independently translatable with respect lo said gimbal 
mechanism along a third axis in a third degree of freedom, said third axis extending 
approximately through said intersection of said two axes of rotation, wherein said object is 
coupled to said linear axis member and is independently translatable along said third axis with 
respect to said gimbal mechanism. 

21. An apparatus as recited in claim 1 wherein said actuator includes a voice coil actuator 
for imparting a force on said user object using magnetic fields and controlled by an electrical 
current. 

22. An apparatus as recited in claim 21 wherein said voice coil acniator includes a 
plurality of sub-coils, each of said sub-coils including a different number of loops such that a 
constant current can be fiowed through selected ones of said sub-coils to create different force 
values on said user object. 

23. An apparatus as recited in claim 1 wherein said actuator is interfaced to said electrical 
system by a voice coil driver chip. 
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24. An apparatus as recited in claim 23 wherein said voice coil driver chip has a variable 
gain of voltage input to current output. 

25. A method for interfacing motion of a user-manipulabic object with an electncal 
5 system, the method comprising the steps of; 

defining an origin; 

providing a gimbal mechanism movable relative to said ongin such that a user- 
manipulabic object engaged with said gimbal mechanism has first and second degrees of 
freedom, said gimbal mechanism having a plurality of members, wherein a selected number of 
10 said members are formed as a unitary' member such that flex is provided between said selected 
number of members; 

applying a force in each of said two degrees of freedom usmg a plurality of actuators, 
respectively, wherein said transducers arc decoupled from each other; and 

providing said signals to and from said electrical system. 

15 26. A method as recited in claim 25 wherein said plurality of members of said gimbal 

mechanism form a closed loop of members. 

27. A method as recited in claim 25 wherein said actuators are decoupled from each other 
and grounded. 

28. A method as recited in claim 25 wherein said object is independently rotatable with 
20 respect to said gimbal mechanism about an axis in a third degree of freedom. 

29. A method as recited in claim 25 wherein said object is coupled to said gimbal 
mechanism ai said intersection of said two axes of rotation and is capable of being translated 
independently with respect to said gimbal mechanism along a third axis in a third degree of 
freedom. 

25 30. A method as recited in claim 26 wherein said gimbal mechanism includes a unitary 

flexure of a plurality of members and a ground member, said, ground member being roiatably 
coupled to said unitary flexure by bearings. 

3 J. A method as recited in claim 27 funher comprising at least one sensor for converting 
movement of said object into elecuical input signals, said input signals being input to said 
30 electrical system. 
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32. A method as recited in claim 25 further comprising transmitting a force from an 
actuator included in one of said transducers lo said gimbal mechanism using a capstan drive 
mechanism, said capstan drive mechanism including a cable and pully for u-ansmitiing said force. 

33. A method as recited in claim 31 wherein said capstan dnve mechanism is rotatably 
5 coupled to said actuator and a member of said gimbal mechanism, said capstan drive mechanism 

including a capstan drum coupled to said pully by said cable, wherein said pully is rigidly coupled 
to said transducer and said transducer is operative to rotate said pulley and thereby transmit force 
to said gimbal mechanism with no substantial backlash. 

34. A method as recited in claim 25 further comprising transmitting a force from an 
10 actuator included in one of said transducers to said gimbal mechanism using a friction drive 

mechanism, said friction drive mechanism including a plurality of rollers frictionally engaging a 
movable drum, wherein at least one of said rollers is driven by said actuator. 

35. A method as recited in claim 33 wherein said friction drive mechanism is rotatably 
coupled to said actuator and a member of said gimbal mechanism, said friction drive mechanism 

: 5 including a rotatable dmm including a drive bar that engages said rollers. 

36. A method as recited in claim 27 wherein said first degree of freedom actuator and .said 
second degree of freedom actuator are coupled to a ground member of said gimbal mechanism. 

37. An interface apparatus for interfacing motion of a user manipulable object with a host 
20 computer system displaying visual images on a screen, said interface apparatus comprising: 

a user object movable in a degree of freedom by a user and bemg physically contacted by 
said user; 

a gimbal mechanism coupled to said user object and providing two degrees of freedom lo 
said user object, said gimbal mechanism including a of a plurality of members; 

25 a processor, separate from .said host computer system^ for communicating with said host 

computer system via a communication interface by receiving a host command from said host 
computer system, said processor being controlled by software instructions; 

an actuator physically coupled to .said gimbal mechanism and electrically coupled to said 
processor for applying a force along a degree of freedom to said user object in accordance with a 
30 processor command from said processor, said processor command being derived from said host 
command: and 
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a sensor for detecting a position of said user object along said degree of freedom and 
outputting sensor signals to said host computer system, said sensor signals including information 
representative of said position of said user object.^ 

38. An interface apparatus as recited in claim 37 wherein said plurality of members of 
5 said gimba! mechanism arc formed in a closed-loop linkage. 

39. An interface apparatus as recited in claim 38 wherein said closed loop linkage 
includes five members, and wherein each of said five members of said closed loop linkage is 
rotatably coupled to at least two other members of said linkage. 

40. An interface apparatus as recited in claim 38 wherein said closed loop linkage 
10 includes five merhbers. and wherein a plurality of said five members of said closed loop linkage 

are flexibly coupled to other members of said linkage. 

41. .^n interface apparatus as recited in claim 38 further comprising: 

a linear axis member coupled to said gimbal mechanism and being independently 
rotauble with respect to said gimbal mechanism about a third axis in a third degree of freedom. 
15 said third axis extending approximately through said intersection of said two axes of rotation, 
wherein said object is coupled to said linear axis member and is independently rotaiable about said 
third axis with respect to said gimbal mechanism; and 

a sensor for deteciing motion of said linear axis member in said third decree of freedom. 

42. An interface apparatus as recited in claim 38 wherein said sensor is elecuically 
20 coupled to said processor, wherein said sensor outputs said .<;ensor signals to said processor, and 

wherein said processor sends said sensor signals to said host computer system and utilizes said 
sensor signals to deierminc a force output by .said actuator. 

43. An interface apparatus as recited in claim 42 wherein said processor is operative to 
provide said processor command to said acraator in accordance with a processor subroutine 

25 .selected in accordance with said host command and stored in said memory device. 

44. An interface apparatus as recited in claim 42 wherein said communication interface 
includes a serial interface. 

45. An interface apparatus as recited in claim 38 wherein said object is a joystick handle. 

46. An interface apparatus as recited in claim 38 wherein said object is at least a portion ot 
30 a medical instrument. 
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47. An interface apparatus as recited in claim 38 wherein said actuator is coupled to a 
ground member, and further comprising an additional actuator coupled to a ground member of 
said gimbal mechanism, said additional actuator being operative to apply a force along a degree of 
freedom to said user object in response to signals received from said processor. 

5 48. An interface apparatus as recited in claim 37 wherein said actuator is interfaced to said 

microprocessor by a voice coil driver chip. 

49. An interface apparatus as recited in claim 37 further comprising a passive damper 
element coupled to a member of said gimbal mechanism to increase dynamic stability of said 
interface apparatus. 

10 50. An interface apparatus as recited in claim 37 further comprising a clock coupled to 

said processor and used, at least in part, to determine said force output by said actuator. 

51. An interface apparatus for interfacing motion of a user manipulablc object with an 
electrical system, said interface apparatus comprising: 

a gimbal mechanism including a plurality of members and providing two degrees of 
15 freedom to a user-manipulable object coupled to said gimbal mechanism; 

a first degree of freedom actuator coupled to said gimbal mechanism, said first degree of 
freedom acmator including a first voice coil acniator for applying a force to said user-manipulable 
object in said first degree of freedom using a magnetic field; 

a second degree of freedom acwator coupled to said gimbal mechanism, said second 
20 degree of freedom actuator including a second voice coil actuator for applying a force to said user- 
manipulable object in said second degree of freedom usmg a magnetic field; 

at least one sensor for detecting motion of said user-manipulable object along said first 
and second degrees of freedom and outputting sensor signals to said electrical system; 

whereby said actuators and .said sensor provide an electromechanical interface between 
25 said object and said electrical system. 

52. An apparatus as recited in claim 51 wherein said gimbal mechanism includes a closed 
loop five member linkage, wherein each of said five members is rotatably coupled to at least two 
other members of said linkage. 
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53. An apparatus as recited in claim 5 1 wherein said gimbal mechanism includes a closed 
loop five member linkage, wherein a plurality of said five members are flexibly coupled to other 
members of said linkage. 

54. .\n apparatus as recited in claim 53 wherein two of said members are flexible 
5 members. 

55. An apparatus as recited in claim 51 wherein each of said voice coil actuators includes 
a coil of wire and a rotauble member thai rotates through a magnetic field and is forced in a 
particular direction depending on a magnitude and direction of a current flowed through said coil. 

56. An apparanis as recited in claim 55 wherein said coil includes a plurality of sub-coils. 
10 each of said sub-coils including a different number of loops such that constant magnitude currents 

can be flowed through selected ones of said sub-coils to create different force values on said user 
object. 

57. An ^paratus as recited in claim 55 wherein said voice coil includes a first coil of wire 
used to apply said force to said user-manipulable object, and a second coil of wire used as said 

15 sensor for sensing a velocity of said user-manipulable object. 

58. An apparatus as recited in claim 51 wherein said user object is rotatable about two 
axes of rotation, and wherein said user object is independently rotatable with respect to said 
gimbal mechanism about a third axis in a third degree of freedom, said third axis extending 
approximately through said intersection of said two axes of rotation, wherein said user- 

20 manipulable object is coupled to said linear axis member and is independently rotatable about said 
third axis with respect to said gimbal mechanism. 

59. An apparatus as recited in claim 5 1 wherein said electrical system includes a host 
computer system that displays images to said user on a display screen, and wherein said sensor is 
electrically coupled to a microprocessor provided locallv to said interface apparatus, wherein said 

25 .sensor outputs said input signals to said processor, and wherein said processor sends said input 
signals to said host computer system. 

60. An interface device as recited in claim 59 wherein said processor is operative to 
provide a processor command to said acniator in accordance with a reflex process selected in 
accordance with a host command provided by said host computer, said reflex process being 

30 stored in a memory device. 

61. An interface device as recited in claim 59 wherein a reflex process is selected by a 
button on user object that has been activated by said user. 
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62. An interface device as recited in claim . 5 1 funher comprising an electrical interface 
electrically coupled between said voice coil actuators and said electrical system, said electrical 
interface including a voice coil driver chip for driving said voice coil acniators. 



63. An interface apparatus for interfacing motion of a user manipulable object with an 
electrical system, said interface apparatus comprising: 

a user-manipulable objea moveable in two degrees of freedom and physically contacted 
by a user; 

a first degree of freedom acwator coupled to said user-manipulable object, said first degree 
of freedom actuator including a first voice coil actuator for applying a force to said user^ 
manipulable object in said first degree of freedom using a magnetic field; 

a second degree of freedom acmator coupled to said user-manipulable object, said second 
degree of freedom acmator including a second voice coil actuator for applying a force to said user- 
manipulable object in said second degree of freedom using a magnetic field; and 

at least one sensor for detecting motion of said user-manipulable object along said first 
and second degrees of freedom and outputting sensor signals to said electrical system; 

whereby said acmators and said sensor provide, an electromechanical interface between 
said object and said electrical system. 

64. An apparatus as recited in claim 63 wherein each of said voice coil acmaiors includes 
a coil of wire and a member that moves through a magnetic field and is forced in a particular 
direction depending on a magnitude and direction of a current flowed Uirough said coil. 

65. An apparc'js as recited in claim 64 further comprising a planar member coupled 
between said user-manipulable object and said first and second degree of freedom acmators, said 
planar member being u^slaiable in two plan:u objeci degrees of freedom, wherein said 
translation of said planar member causes said uscr-manipulablc object to move in said user object 
degrees of freedom. 

66. An apparatus as recited in claim 65 wherein said two user object degrees of freedom 
arc rotary degrees of freedom, and wherein said user object is coupled to a ball joint that is 
rotatable in a socket, and wherein said translation of said planar member causes said ball joint to 
rotate in said socket and thereby rotate said u.ser object in said two user objeci degrees of freedom. 
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67. An apparatus as recited in claim 65 wherein said two user object degrees of freedom 
arc linear degrees of freedom, and wherein said user object is translated in said user object degrees 
of freedom as said planar member is translated. 

68. An apparatus as recited in claim 65 wherein said planar member is a circuit board. 
5 and wherein coils of wire included in said voice coil aciuaiotx are etched onto said circuit board. 

69. An apparatus as recited in claim 68 further comprising an electrical interface 
electrically coupled between said voice coil actuators and said electrical system, said electrical 
interface including a voice coil driver chip for driving said voice coil actuators. 

70. An apparatus as recited in claim 69 wherein said voice coil driver chip is physically 
10 coupled to said circuit board. 

71. An apparatus as recited in claim 65 wherein said coil includes a plurality of sub-coils. 
each of said sub-coils including a different number of loop.s such that constant magnitude currents 
can be flowed through selected ones of said sub-coils to create different force values on said user 
object. 

15 72. An apparatus as recited in claim 65 wherein said coil is a first coil of wire used to 

apply said force to said user-man ipul able object, and further comprising a second coil of wire 
used as said sensor for sensing a velocity of said user-manipulablc object. 

73. An apparatus as recited in claim 65 wherein said coil is used both for applying said 
force to said user-manipulable object and for sensing a velocity of said user-mxnipulabie object. 



74. An apparatus for interfacing the motion of a user-manipulable object with an electrical 
system comprising: 

a gimbal mechanism providing two degrees of freedom to an object engaged with said 
gimbal mechanism about two axes of rotation, said object being coupled to said gimbal 
25 mechanism at about the intersection of said two axes of rotation; 

an actuator for generating a force along said fii-st degree of freedom of said igimbal 
mechanism; and 

a friction drive mechanism coupled between said actuator and said gimbai mechanism, 
wherein force from said actuator is transmitted to .said gimbal mechanism through factional 
30 contact of members of said friction drive mechanism; 
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Whereby said actuator provides an electroiDCchanical interface between said object and said 
electrical system. 

75 An apparatus as recited in claim 74 wherein said friction drive mechanism includes a 
rotatable drum having a drive bar. and wherein said members of said fiction drive mechanism 
include said drive bar and a drive roller coupled to said actuator, said dnvc roller fnctionally 
engaging said drive bar to route said drum and transmit a force to said object in said first degree 
of freedom. 

76 An apparatus as recited in claim 74 wherein said friction drive mechanism includes a 
translatable drum having a drive bar; and wherein said members of said fiction drive mechanism 
include said drive bar and a drive roller coupled to said actuator, said drive roller fnct.onally 
engaging said drive bar to translate said drum and transmit a force to said object in said first 
degree of freedom. 

77 An apparatus as recited in claim 74 further comprising a second degree of freedom 
actuator coupled to said gimbal mechanism to generate a force along said second degree of 
freedom wherein said first degree of freedom acwator and said second degree of freedom 
actuator are coupled to a ground member of said gimbal mechanism, and further compnsmg an 
additional fnction drive mechanism coupled between said second degree of freedom acmator and 
said gimbal mechanism to transmit a force from said second degree of freedom actuator to said 
object in said second degree of freedom. 

78. An apparatus as recited in claim 75 further comprising a passive roller frictionally 
engaged with said drive bar on an opposite side of said drive bar to said drive roller. 

79 An apparatus as recited in claim 74 wherein said gimbal mechanism includes a 
closed loop five member linkage, wherein each of said five members is rotatably coupled to at 
least two other members of said linkage. 

80 An apparatus as recited in claim 79 funher comprising at least one sensor coupled to 
said apparatus to sense positions of said object along said two degrees of freedom and which 
produce electrical signals conesponding to such positions for said elccincal system. 

81. An apparatus as recited in claim 75 wherein said object includes one of the groups 
consisting of ai least a portion of a surgical tool, a stylus, and a joystick. 
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